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Water

The rain is plenteous but, by God's decree, 
Only a third is meant for you and me; 

Two-thirds are taken by the growing things 
Or vanish Heavenward on vapour’s wings: 

Nor does it mathematically fall 
With social equity on one and all. 
The population's habit is to grow 

In every region where the water's low: 
Nature is blamed for failings that are Man's, 

And well-run rivers have to change their plans 

by Sir Alan Herbert, 1890–1971 
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Abstract

There is a growing water demand in the world. Along with the deterioration of 
existing water supplies, the escalating world population leads to the assumption that two 
out of three people will lack sufficient freshwater by the year 2025. As competition for 
freshwater increases, water of lower quality, for example saline or waste water, is often 
used in irrigation at the risk of seriously degrading the farmland.

Desalination is the only possible way to produce more freshwater. Each day, 23⋅106

m3 of freshwater is produced from seawater by Reverse Osmosis, Multi Stage Flash and 
Multi Effect distillation. Most of these plants are driven by fossil fuels and only 0.02% by 
renewable energy. A sustainable development requires simple inexpensive desalination 
systems driven by renewable energies. Condensation irrigation (CI) is a newly developed 
idea that meets these requirements. 

CI is a combined system for solar desalination and irrigation and/or drinking water 
production. Solar stills are used for humidifying ambient air flowing over the saline water 
surface in the still. This warm, humid air is then led into an underground pipe system 
where it is cooled and vapour precipitates as freshwater on the pipe walls. If drainage 
pipes are used the water and some of humid air percolate through the pipe perforations 
and irrigates and aerates the ground. Drinking water can be collected at the pipe endings 
when using non-perforated pipes. 

The CI system has attracted attention from several North African countries. Pilot 
plants are now in operation in Tunisia and Algeria where LTU is collaborating with the 
Tunisian Institute for Research on Rural Engineering, Water and Forestry and the 
University of Tlemcen in Algeria. LTU is also collaborating with Al Fatah University 
and the International Energy Foundation in Tripoli, Libya. Ongoing work aims at 
developing a design tool and monitoring program for the CI system to be used in the 
design and operation of a demonstration plant in Libya. 

Mass and heat transfer in the soil around the buried pipes has been modelled in 
Matlab to evaluate the theoretical potential for these types of systems and to gain 
understanding of the mechanisms governing their productivity. It was concluded that CI 
could be used for both irrigation and drinking water production at relatively low 
operational costs. For a presumed reference system, the mean water production rate in 
the drinking water system was 1.8 kg per meter of pipe and day. When using drainage 
pipes for subsurface irrigation, this number increased to 3.1 kg/m/d, corresponding to 
2.3 mm/d of supplied irrigation water.

The main parameters affecting the water production efficiency were inlet air 
temperature and humidity, and the pipes were in both systems recommended to be 
placed at shallow depths. However, since the numerical models disregard from solar 
radiation and crops, somewhat different conclusions on how the pipe configuration affect 
the irrigation yield is expected when these factors are included in succeeding models. 
When irrigation is intended, the pipe spacing must be determined with respect to the soil 
and local climate as well as the type of crops to be cultivated.

Future work on the CI system will include validation of numerical simulations, 
studies on how solar irradiation and vegetation affect the system, and the construction of 
a full-scale pilot plant in Libya.
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1. Introduction 

Ever since the Industrial Revolution, the world’s population has grown at an 
unprecedented rate due to our improved standard of living. Meeting the increasing 
demand for food and water has become one of the most urgent dilemmas for both 
humans and the environment (PRB, 2006). However, the fear one day of a population 
exceeding the food supply has so far proved untrue: modern technology and 
mechanization in agriculture have managed to keep pace.

During the Green Revolution starting in the 1960s, the extensive use of fertilizers, 
expansion of irrigation and the introduction of high-yielding crops averted the global 
famine of the former century (Shah et al., 2000). As a result, global grain output grew by 
170% from 1% more land area and saved approximately 1 billion lives in the years 
between 1950 and 1992 (Easterbrook,1997).

As the number of people continues to grow, the United Nations projects that nearly 8 
billion humans will inhabit the Earth by 2025, among which 80% will live in developing 
countries (Hamdy et al., 2003). To grow food for this escalating population, agriculture 
production must grow at a corresponding rate on a more or less constant land and water 
resource base.

However, the past successes of the Green Revolution will not be easily repeated. The 
areas benefiting the most from Green Revolution technology were fertile and rich in 
freshwater. The countries predicted to risk famine this time will be semi-arid and arid 
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regions in the developing world where the most degraded lands are found and freshwater 
is scarce (Shah et al., 2000). 

The most limiting factor for crop cultivation is water availability in the rooting zone; 
(Karlberg, 2005) with secure access to irrigation water harvests can be increased by up to 
six times (Sundquist, 2003). But the potential for expanding irrigation remains limited: 
the water resources in many regions have been fully exploited, and the competition for 
water resources between agriculturural, industrial and domestic uses grows continuously 
(Plusquellec, 2002).

About 72% of withdrawn freshwater is used in agriculture, a figure that approaches 90% 
in irrigation intensive and arid regions (Sundquist, 2003). The Consultative Group on 
International Agricultural Research (CGIAR) states that even if everything is done to 
make irrigated agriculture more water efficient, humanity will still need at least 17% 
more freshwater to meet all of its future food needs (Shah et al., 2000).

The only sustainable way to produce more freshwater is through desalination of 
seawater. In oil rich countries such as Kuwait, Qatar, Bahrain, Saudi Arabia, and the 
United Arab Emirates, about 95% of all freshwater is already supplied by desalination 
technologies using fossil fuels (Chaibi, 2000). In view of future oil shortages, desalination 
must, however, be driven with renewable energy.

The Condensation Irrigation (CI) system combines desalination with irrigation by 
humidifying ambient air with saline water in, e.g., solar stills and dehumidifying it in 
drainage pipes buried in the ground. Condensed water and humid air infiltrate the soil 
through the pipe perforations and irrigate and aerate the soil. Subsurface irrigation 
increases the irrigation efficiency and eliminates water loss through surface runoff.

As per daily low-flow water distribution, the risk of land degradation is reduced as salt 
transport to the topsoil via a rising groundwater table is prevented. Furthermore, when 
using solar driven air humidification, water production is more effective during warm 
and sunny days when the irrigation need is high. The CI technology can also be applied 
to drinking water production through non-perforated pipes in the ground. The 
condensed water from the humid airflow can then be collected at the pipe endings.

Work concerning the Condensation Irrigation system started at the Luleå University of 
Technology (LTU) as a series of Masters Theses (Widegren, 1986, Göhlman, 1987, and 
Gustafsson et al., 2001) and the technology was used in the construction of a greenhouse 
climate control facility in Övertorneå, Sweden (Nordell, 1987).

Independently of these studies, the Swiss company Ingenieurbüro Ruess und Hausherr 
constructed a CI plant where seawater had evaporated in plastic tubes, with the 
condensation occurring in buried drainage pipes. A reported 50% reduction in the water 
consumption of tomato plants was observed in the system (Hausherr et al., 1993).



Condensation Irrigation – simulations of heat and mass transfer  

  3 

Aims & Objectives 

Before commencing the construction of a Condensation Irrigation system, one must first 
understand the processes governing its water production and irrigation efficiency. Hence, 
the main objective of this work is to study the underlying physics relating to soil, plants, 
irrigation pipes and climate in a CI system, and to make use of this knowledge to create a 
design tool for such systems. This thesis covers the first part of this task in which the soil-
pipe relationship has been studied. More specifically, the following objectives can be 
listed:

Disseminating information about the Condensation Irrigation concept and 
present possible applications (Paper I) 

Simulations and evaluation of the heat and mass transfer in the soil and pipe using 
different CI system schemes (Papers II, III) 

Limitations

The plants and the climate will always affect the mass and heat transfer in the topsoil of a 
field, though they have been excluded in the current investigations. These relationships 
will, however, be studied in the continued work. There are numerous ways to humidify 
air using renewable energy. The different possibilities for this have not yet been studied.
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2. Condensation Irrigation 

The Condensation Irrigation (CI) system uses thermal energy to evaporate saline, or 
otherwise polluted water, in e.g. solar stills. Ambient air is humidified by the warm water 
inside the still and thereafter led into an underground pipe system where it is cooled and 
the vapour precipitates as freshwater on the pipe walls. 

When drainage pipes are buried in the ground, condensed water and some humid air 
leave the pipes through the perforations and thereby irrigate and aerate the soil in the 
rooting zone. By using non-perforated pipes the condensed water from the pipes can be 
collected at the pipe endings and used for drinking or other purposes. The principle of 
the CI system is shown in Figure 1.

As the airflow is dehumidified in the pipes the surrounding soil gradually becomes 
heated, thereby reducing the water production efficiency. To decrease the ground 
temperature, cold ambient air is circulated through the pipe system during the night. 
The mean soil temperature will nevertheless be higher than the undisturbed soil 

Figure 1: Outline of the CI system. Ambient air is warmed and humidified by solar thermal 
energy and led into buried pipes, where it is cooled and dehumidified.  
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Figure 2: Saline lake in the Sahara Desert 
Gabaroun, Libya. Photo: Bo Nordell 

temperature during irrigation periods. When irrigation is not needed, the soil 
temperature is lowered naturally or by the auxiliary ambient air cooling. 

When designing the underground condensation pipe configuration, climate, soil type, 
and expected inlet humid airflow properties, must all be considered. If the system is 
intended for irrigation, crop selection must also be considered in terms of water need, 
rooting depth, leaf area, ability to take up water, temperature sensitivity of roots, etc. 

Although requiring larger areas using wide spacing between the pipes results in higher 
condensation rates and lower installation costs. This will also lead to lower soil humidity 
and ground surface evaporation rates for irrigation applications (Lindblom et al., 2006a). 
Pipe lengths affect the air dehumidification efficiency, since the condensation rate 
decreases along the pipe (Lindblom et al., 2006b).

Shallow pipe depths may increase the pipe condensation rate and result in a shallow soil 
water distribution that accumulates above the pipe depth. When considering solar 
radiation, a shallow depth could on the contrary lead to less water production and higher 
surface evaporation due to additional heating of the ground surface.

The principles behind the CI system can be used for numerous applications, though this 
work has primarily focused on one system for drinking water production (paper II) and 
one for subsurface irrigation (paper III). A second irrigation scheme using overhead stand 
pipes for dew irrigation was presented at an international conference in Brack, Libya 
(paper I).

2.1 Solar Desalination 

There is a great need for fresh water in many developing countries. Water sources from, 
e.g., lakes, rivers and groundwater are often brackish or contain harmful bacteria and 
should therefore not be used for drinking or irrigation (Figure 2).
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Desalination in solar stills is a technology with long history and installations were built 
over 200 years ago, although to produce salt rather than drinking water. One of the 
earliest large-scale solar stills with a capacity of 23m3/d during clear weather was built in 
1872 to supply a mining community in Chile with drinking water (Hirschmann, 1975).

The basic solar still can be described as a water container with a transparent cover to solar 
radiation. The incident solar radiation is transmitted through the cover and absorbed as 
heat by the insulated container in contact with the water to be distilled. The water is 
thus heated and evaporates to the air above the water surface. The resulting vapour 
condenses on the cover and runs down into a gutter from where it is fed to a storage 
tank (Figure 3).

The main problems with using solar thermal in large-scale desalination plants are 
relatively low production rates, low thermal efficiency and the considerable land area 
required (Naim et al., 2002a,b).

However, because the plants are also characterised by free energy and an insignificant 
operating cost, the technology is suitable for small-scale production, especially in remote 
arid regions and islands, where conventional energy and the supply of freshwater is 
erratic, but the solar potential is high (Kunze, 2001). The low environmental impact and 
easy operation and maintenance are also incitements for this technology (Fath, 1998).

Commercial passive solar stills produce about 3-4 kg/m2/d and are therefore mostly used 
for small-scale water production (Kalogirou, 1997). Using solar stills were used to 
humidify the air in the CI system might be more efficient than ordinary stills since the 
airflow would increase the evaporation rate from the water surface.

Although solar stills are suitable for humidifying air in the CI system, other methods and 
heat sources are possible depending on different site-specific conditions. A solar driven 
alternative would be to use existing lined irrigation canals that are impermeable to salts. 
Converting these to air humidification canals would require a solar radiation transparent 
cover and possibly a radiation absorbing material onto the canal borders.

A literature overview of solar thermal desalination is presented in Appendix 1.

Figure 3: Basic solar still for seawater desalination (Fath, 1998). 
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2.2 Drinking water production 

By dehumidifying the warm airflow from the solar stills in the buried pipes without 
perforations, freshwater can be collected at the pipe endings and used for drinking. The 
study on this system was done to analyse the pipe hydraulics and the transient heat 
transfer and accumulation in the surrounding ground, without having to consider the 
mass transport in the soil.

Nevertheless, the CI system for drinking water production in rural areas could enhance 
the efficiency compared to ordinary solar stills. This is partly due to the increased heat 
and mass transfer of the air stream over the saline water surface in the still that increases 
the evaporation rate, and to the external dehumidification that increases the 
condensation.

Since the air humidification process, solar radiation and precipitation were omitted from 
the study, the main parameters influencing the drinking water system were found to be 
airflow inlet properties, climate, ground thermal conductivity, pipe configuration and 
timing of dehumidification and cooling. Research on drinking water production is 
presented in paper II.

2.3 Subsurface irrigation

In the subsurface condensation irrigation system, buried drainage pipes are used to 
conduct the humid air, even though other types of ducts might be possible. The pipe 
perforations enable air and water to infiltrate the surrounding soil thereby irrigating the 
crop directly in the rooting zone.

The mass transport of humid air and water in the ground contributes to an increased heat 
flux from the pipe, improving the air dehumidification. This also implies a higher 
ground temperature during irrigation periods. The type of crops will also influence the 
soil temperature and moisture distribution differently, since the root development and 
water uptake ability of crops are somewhat temperature dependent.

For most cultivated crops, temperatures up to 45ºC are considered stimulating for root 
growth, while higher temperatures can be harmful (Widegren, 1986). In the CI system, 
the pipe configuration should therefore be such that this critical temperature is reached at 
the pipe walls, but never in the soil between two pipes. In so doing, plant roots are free 
to develop in-between the pipes, but not into the pipes, where they block the airflow 
(Figure 4).

Root intrusion is one of the major problems in subsurface drip irrigation systems, and is 
usually solved by injecting acid through the pipes (Marais, 2001). In the CI system, this 
can be avoided.
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Figure 4: Section of buried drainage pipes buried 
in a field. Heat, condensed water and humid air 
flow through the pipe perforations into the soil. 
The pipe diameter D, depth d, and spacing cc are 
here denoted. 

Apart from the soil and the pipe 
configuration the water production 
also depends on the timing and 
temperature intervals of the irrigation 
operations. Climate and outline of 
the solar still determine the airflow 
inlet properties. These six parameters 
must be carefully considered for each 
location to obtain a functioning 
irrigation system.

The CI system was primarily 
developed for warm arid and semi-
arid regions, with high solar 
irradiation and low freshwater supply. 
In humid areas with a shallow 
groundwater table, the subsequent 
rainfall may result in excessive soil 
moisture and sub-irrigation with 
drainage pipes could lead to 
waterlogging or crop failure in such 
climates.

There are many advantages with using subsurface irrigation. Especially worth mentioning 
is that the water use becomes more efficient, surface losses from evaporation and run-off 
is lowered, harvesting becomes easier, and surface crusts are prevented. Among the 
draw-backs experienced from using a sub-surface scheme is that deep ploughing is 
prevented, cultivation is restricted to specified row spacing, there is limited information 
on cultivation practices, and potential root intrusion might complicate the irrigation.

Crops successfully cultivated with subsurface irrigation are many. Some of them are 
presented in Table 1 with their typical irrigation need (Falkenmark et al., 2004 and 
Brouwer et al., 1986): 

    Table 1: crops used in sub-surface irrigation and their required irrigation 
Tomato 130 mm/month 
Cotton 100-130 mm/month 
Onion 100 mm/month 
Sorghum 300-650 mm/harvest 
Beans 250-500 mm/harvest 

The research on this subsurface irrigation scheme is presented in paper III.
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2.4 Overhead irrigation 

Induced dew irrigation is an overhead Condensation Irrigation application, first 
presented in theory at the international conference ICEE 2003 in Brack, Libya 
(Lindblom et al., 2003). It is currently also being studied experimentally at the National 
Institute for Research on Rural Engineering, Water and Forestry (INRGREF), Tunisia. 

Dew irrigation is achieved by connecting vertical stand pipes to the buried horizontal 
non-perforated pipes and letting the warm, humid airflow exit through the standpipe 
outlets, located above the ground surface. As the air from the pipes meets the colder 
atmosphere, condensing vapour forms a cloud of water droplets that fall out as dew or 
drizzle. One application for this type of system would be frost protection of crops, as the 
latent heat released from the condensing vapour contributes significantly to reducing 
nightly temperature drops (Figures 5 and 6).

Since water extraction increases with an increasing temperature difference between the 
ambient air and air from the pipe, the best efficiency would be obtained when the solar 
heated water is stored during the day and used for nightly irrigation. Introducing solar 
chimneys could also develop the idea of vertical pipes further, thus creating a 
temperature induced flow through the buried pipes that would lower operational costs. 

Figure 5: The vertical pipes conduct the 
humid air into the atmosphere. As the 
air from the pipes meets the colder 
outside air, water condenses and creates 
an artificial rain drizzle.

Figure 6: Plan of an overhead irrigation 
plant. The water vapour from the pipes 
condenses above the field. The system must 
be built in a large scale with a great number 
of vertical pipes.
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3. Summary of Research 

 3.1 Modelling a System for Drinking Water Production 

After being warmed and humidified in the solar stills, the air enters the underground 
pipe system. Because of the cooler environment in the subsurface soil, vapour condenses 
and freshwater forms on the inner walls of the pipes.

By using non-perforated pipes the total mass of the condensed water and humid air is 
preserved while flowing through the pipe. Neglecting frictional losses, the airflow 
properties along the pipe and the heat flux to the surrounding soil may be presented 
according to
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At the inlet, i, and the outlet, i+1, m is the mass flow rate of humid air, Ta is the fluid 



12

temperature, cv is volumetric specific heat, w is absolute humidity, p is pressure, ρ is 
density, c is velocity and L is the latent heat of vaporization. The airflow rate m  is 
reduced by the condensation rate cm while flowing through the control volume.

The enthalpy of the condensed water was found to be very small (<1%) compared to the 
total heat released and was therefore neglected in the calculations. In effect, this can be 
seen as if the condensate was removed when formed. The pipe walls were nevertheless 
considered to be wet.

The resulting heat transfer, q, from the pipe wall to the surrounding soil is the sum of 
the convective heat transfer and the latent heat release from condensation: 

( ) ( ), , ˆ( ) ( )a p m v s a v s pq h T T L h T T k T nφ ρ ρ= ⋅ − + ⋅ ⋅ ⋅ − = − ∇ ⋅  (2) 

where n̂T ⋅∇ is the temperature gradient in the normal direction to the pipe wall and k 
is the thermal conductivity of the assumed uniform soil. Since the mass transport may be 
neglected in the soil from a lack of pipe perforations, the heat transfer in the ground 
becomes a pure conduction problem, written as: 

2 1 T
t

T ∂∇ =
∂

 (3) 

where α is the thermal diffusion coefficient of the soil. At the soil surface, the heat 
transfer was affected by the ambient air with a constant convection coefficient of 12 
W/m2/K and a temperature that varied from 12°C to 28°C according to: 

20
360024

n2tsin8Taa +
⋅

⋅π⋅Δ⋅=  (4) 

The climate in the modelling of drinking water production was therefore assumed to be 
free from solar radiation and precipitation. Both factors could affect the drinking water 
production rate, since solar radiation would add to the heating of the ground surface, and 
thus lower the condensation rate, and precipitation would have a positive effect by 
cooling the ground.

During the day’s 12 hours when the ambient air temperature was at 20°C or warmer, 
drinking water was produced by letting a warm, humid airflow enter the pipes with 
constant inlet properties, given in Table 2. 
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Table 2: Reference system properties 
Temperature, Tav,in 60 ºC 

Relative humidity, φav,in 70 %

Velocity, cav,in 3.5 m/s 

Pipe depth, d 0.5 m

Pipe spacing, cc  1.0 m

Pipe diameter, D  0.2 m

The rest of the day was devoted to nightly ground cooling, and ambient air at varying 
temperatures according to Equation 4 was circulated through the pipes. In reality, the 
inlet properties during the daily water production would vary with the climate from day 
to day and from hour to hour, mainly depending on the solar radiation.

The transient heat and mass transfer in the soil-pipe system was simulated for a period of 
three months, after when the water production rate was constant from one day to 
another. As shown in Figure 8, the condensation rate in the pipe decreases drastically 
during the first 10 days, evens out after about 1 month and then reaches a diurnal steady 
water production rate of 1.8 kg/m/d for a 50 m long pipe.

The decreasing condensation rate inside the pipes is due to the gradual heating of the 
surrounding soil. If the nightly cooling had been able to remove all excess heat released 
from the pipes during the day, this reduction would not have occurred. Also, by 
enhancing the cooling, e.g. by prolonging the diurnal cooling period or increasing the 
nightly airflow velocity, a steady water production would be attained faster and level out 
at higher production rates.

As the temperature difference between the airflow and pipe walls declines along the pipe, 
the condensation rate decreases with pipe length. For the reference inlet airflow 
properties and pipe depth, the condensation yield, C(z), is influenced by the pipe length 
and spacing according to:

Figure 8: Daily mean condensation rate per pipe and unit 
length during the first 90 days. 
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( ) 63
3

2
210 10zkzkzkkC(z) −⋅+++=  (5) 

where
32

0 cc97.381431937.92cc4711cc06.1677411666.62436(cc)k +−+−=
32

1 cc38.63347992.30cc455cc21.1150883570.061162(cc)k +−+−=
32

2 cc70.7088cc22.27661cc11.3244211.40040(cc)k +−+−=
32

3 cc00.171cc64.670cc52.78621.407(cc)k −+−=

for 1 ≤ z ≤ 50 and 0.2 ≤ cc ≤ 2.0. The relationship in Equation 5 is plotted in Figure 9. 

A pipe length of 50 m with 1.0 m spacing yields the same amount of water as a 40 m 
long pipe with 2.0 m spacing, though the area required in the latter case is 60% greater. 
Therefore, the highest water production per unit area is obtained when the pipes are 
spaced as close together as possible. The pipes should also be made as short as the area 
allows. However, when considering the material and construction costs, a large spacing 
might be more favourable.

When comparing how the selection of inlet parameters affects the resulting steady state 
condensation, rate it was found that the inlet air temperature and humidity were the 
parameters of highest importance. Table 3 shows the change in condensation rate (as a 
percentage of the deviation from the reference value) for a change in selected inlet 
parameters value of ±20%.

The inlet air temperature has the highest influence on the condensation rate in the pipes, 
and increasing this 20%, i.e. from 60ºC to 72ºC, increases the condensation rate with 
58%, from 1.8 kg/m/d to 2.8 kg/m/d. 

cc = 0.5 m  

cc = 1.0 m  
cc = 1.5 m 
cc = 2.0 m 

Figure 9: Accumulated condensation rate along a pipe system with 
different spacing 
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   Table 3: Sensitivity analysis of how inlet parameters and  
   pipe configuration affect the condensation rate 

Inlet parameter +20% -20% 

Temperature 58% -46% 
Relative humidity 26% -27% 
Velocity 12% -12% 
Static pressure 10% -8% 
Pipe depth 10% -6% 
Pipe diameter 2% -1% 

The timing and length of the water producing and night cooling operations also affect 
the resulting condensation rate. A maximum condensation rate of 1.9 kg/m/d was 
obtained when the nightly cooling period increased from 12 to 16 hours. 

3.2 Modelling a Subsurface Condensation Irrigation System 

By using drainage pipes for the subsurface air dehumidification, the ground is irrigated by 
the water and humid air that infiltrates the ground through the pipe perforations.

To simulate the mass and heat transfer in the soil-pipe system, a three-dimensional 
transient finite difference model was developed using a similar climate (Equation 4) and 
pipe configuration as in the drinking water production model (Table 2). The energy and 
mass conservation equations of the pipe airflow from Equation 1 were in the present 
model complemented with terms for representing the humid air flux trough the 
perforations.

The mass balances of the air, vapour, and water present in the soil matrix can be 
demonstrated by Figure 10, which shows the flux densities of the components in and out 
of a small soil element (here also denoted cell).

Figure 10: Volume element of 
size Δx⋅Δy⋅Δz through which a 
flux density Θ of either heat or 
mass is flowing. The arrows 
indicate the flux in and out of 
the volume. The rate at which 
the amount of Θ changes 
inside is equals the rate at 
which the fluxes change from 
inlet to outlet. 
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A change in the stored mass of one component from one moment to another equals the 
change in that components velocity through the cell. A retardation in the flux through 
the cell of one component results in an accumulation of that component inside the cell, 
and vice versa.

In this model three components following these principles: air, water, and heat. Further, 
the water could be in either a liquid or gaseous state. A phase change in the water led to 
a change in the gas and liquid saturations of the cell, and an even greater change in the 
heat transfer through it. The mass of the water component was nevertheless undisturbed 
by phase changes.

The mass movements in the simulations were restricted to considering the diffusion and 
bulk fluid motions caused by density and pressure gradients. Hence, mass balances were 
written as: 

Mass conservation of air

( ) ( )gaaagS
t

vi ρθρ +•−∇=
∂
∂

  (6) 

Mass conservation of water, independent of its phase

( ) ( ) ( ) ( )gvvwwvgww S
t

S
t

viv ρρθρθρ +•∇−•−∇=
∂
∂+

∂
∂

  (7) 

where θ represents the porosity, Sg the gas saturation and Sw the liquid water saturation, 
and ρa represents the air density, ρv the vapour density, and ρw the liquid water density. 
The air and vapour diffusive flux density vectors were denoted ia and iv, and the phase 
velocity vectors of the gas vg and liquid vw.

By writing a combined mass balance for the liquid water and the water vapour, 
evaporation and condensation inside the cell can be neglected in the mass balance. The 
sum of all water molecules is the same, independent of their current phase. 

Both the mass and energy inside the cell change continuously depending on the 
surrounding temperature, pressure, and density (Philip et al., 1957). When one of these 
state parameters in a soil element increases to a value that is higher than in the 
surrounding soil, heat and mass are transferred from that cell to regions of lower 
potentials.

When pressure differences arise due to heating, gravity, capillarity or mass fluxes, the 
mass transfer velocity is here calculated as 

( )ygp
kk ri ∇+∇−= ββ

β

β
β ρ

μ
v  (8) 
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where ki is the intrinsic permeability, kr is the relative permeability, μ is the viscosity, p is 
pressure, g is gravity, and y is the vertical coordinate axis. The index β denotes either the 
gas or liquid phase.

Diffusive flux densities of the air and vapour components in the gas phase are functions 
of the density gradients and the temperature dependent microscopic diffusion coefficient 
of the air-vapour mixture, D (Philip et al., 1957). The latter is corrected for the tortuous 
path of the gas in the pores by the factor τ and the actual gas volume in the cell by (θSg),
(Helmig, 1997): 

αα ρτθ ∇−= gSDi  (9) 

where the index α denotes either dry air or water vapour.

The interaction between the diffusive and convective fluxes of the water is especially 
important for heat transfer. When the soil around the pipes in the CI system becomes 
heated from the air dehumidification process, condensed water entering the soil through 
the perforations may partially evaporate, and contribute to a certain cooling effect around 
the pipe. The diffusive vapour flux transports the vapour to cooler areas in the soil, 
where it condenses. In doing so, the latent heat of vaporization is released further out 
from the pipe, resulting in a better air cooling in the pipes.

When considering the laws of energy conservation, phase changes inside the cell cannot 
be disregarded, due to the significant latent heat of the water vapour. The enthalpy 
change of the matter inside the considered soil cell per unit of time is therefore written as 
the change in heat flux in and out of the cell and the latent heat released or absorbed 
from condensation or evaporation of the water present within (Collin et al., 2002):

0=•∇++
∂
∂ qLE

t
Q

 (10) 

In the above expression, Q is the total enthalpy of all matter in the cell, L is the latent 
heat of vaporization, E is the mass of evaporated water inside the cell per unit time, and 
q is the total heat flux through the cell boundaries, when considering heat conduction 
and convection:

( ) ( ) ( )( )gvvpvgaapawwpw cccTTTk vivivq ρρρ ++++⋅−+∇−= 0  (11) 

The thermal conductivity, k, was calculated as the weighted mean of the constituent 
phases present inside the soil volume, and the specific heat capacities, cpa, cpv, and cpw, of 
the three non-solid components were considered constant.
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In an unsaturated soil, the water pressure driving the water convective flux is a function 
of the capillary suction, pc, and the gas pressure, pg, in the soil. While the gas pressure is 
mainly governed by the temperature, the capillary suction depends on the water 
saturation in the pore space.

To analytically describe the capillarity-saturation relation of a soil is impossible because of 
the irregular pore geometry in the soil (Helmig, 1997). Because of this, many scientists 
have attempted to derive macroscopic models for this relation. Among the most widely 
used models are those described by Brooks and Corey (1964) and van Genuchten (1980). 
In both these models parameters are fitted to the Soil Water Retention Curve (SWRC), 
which relates experimentally measured capillary suction to known effective water 
saturation degrees, Se. The parameters of the obtained curve shape are specific for the 
tested soil.

In the current model of the subsurface CI system, the theories developed by van 
Genuchten (1980) were used to describe the capillary suction dependence of the water 
saturation degree:

( ) nm
e

w
c S

a
g

p /1/1 1+⋅
−

= −ρ
 (12) 

where a and n are shape parameters to the SWRC, and m=1-1/n. The flux densities of 
the liquid and gas phase in the soil are not only dependent on the pressure gradients. The 
effective permeability, kikrβ, determines how well each phase can be transported, and is a 
result of the shape and size of the pores, tortuousity, and effective water saturation. 
While the intrinsic permeability is a material constant, the relative permeability varies 
from 0, when no transport is possible, to 1, when optimum transport can be achieved at 
a given pressure gradient through the soil cell (Helmig, 1997).

The van Genuchten model in conjunction with the theories developed by Mualem 
(1976) on how to predict hydraulic conductivity in unsaturated soils yields the relative 
permeability of air and water in the vadose zone of the soil:
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21 11 −−⋅=
m

m
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m

m
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31 11 −⋅−=  (14) 

During the development of the subsurface CI system simulation model, several 
delimitations and simplifications were made in the theory. The main assumptions were:
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Drainage pipe
The inlet airflow properties were constant during the daily irrigation, since the 
air humidification process inside the solar stills was omitted 

The airflow inside the pipe was considered frictionless and the humid air was 
assumed to behave as an ideal gas to simplify the energy and mass conservation of 
the flow 

The iteration process of calculating the temperature for the next time-step at each 
section along the pipe made use of local present time-step values and the heat 
transfer from the previous cross-section. The values at each cross-section were 
thus calculated independent of the environment in the cells further down the 
pipe length, so that the pipe length could be any length without having to re-
write the simulation program

No air was assumed to infiltrate the soil at night to reduce sharp temperature 
variations near the pipe wall that would influence the convergence of the model 

Soil matrix
The soil was considered homogeneous in structure and composition so that the 
thermal conductivity of the particles, intrinsic permeability and porosity could be 
set to constant values throughout the soil matrix

No swelling of the soil volume occurred

The dissolution of air in water, surface diffusion, and the effects of hysteresis for 
relative permeability and capillary pressure were neglected 

The soil was considered free from salts and organic materials; hence, osmotic and 
chemical reactions could be neglected 

To obtain a more rapidly converging model, the intrinsic permeability was set 
lower than usually in sandy soils

The residual water saturation was set to 0.1, indicating that 10% of the pore space 
consisted of adhesive water. At water saturations below this limit, also known as 
the permanent wilting point of plants, capillary suction increases rapidly. A water 
saturation of 0.1 indicates effective water saturation, Se of zero.

Boundaries
Although the gas residual saturation was assumed to be zero in the soil, it was 
given a lower limit of 0.09 around the pipe perimeter to allow some humid air to 
enter the soil. This is because in reality, the gas pressure from the airflow in the 
pipes enables air to infiltrate the soil through the build-up of preferential paths 
trough the pore network

Condensed water was assumed to spread uniformly through the pipe perforations 
and distribute evenly around the pipe perimeter, as well as instantly flow into the 
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soil surrounding the pipe, regardless of the pressure and saturation. Because of the 
restriction in gas saturation at the soil-pipe boundaries, any condensed water 
resulting in effective water saturation degrees higher than 0.91 around the pipe 
wall was removed from the mass balance and assumed to have re-entered the pipe

Water gained in the cells at the ground surface during one simulation time-step 
was removed so that the water saturation at the surface could be constant. The 
amount of removed water was, however, saved and used to determine a fictive 
surface evaporation 

The vapour flux to the ambient air at the ground surface was a function of the 
vapour density gradient from the node below the surface and the surface node. 
The ambient air pressure and relative humidity could therefore be excluded

No solar radiation or precipitation considered, though they could greatly affect 
the simulation results.

The wind was considered constant, but had no effect on any of the phase fluxes 
below the soil surface 

The groundwater table was at a constant temperature and depth, simplifying the 
boundary conditions. Water transported to the groundwater was thus removed 
from the model

Initial conditions
The ground temperature was initially set to the ambient mean temperature 

The initial effective soil water saturation was 0.2

The simulation model for the subsurface irrigation system was also assumed to operate 
under the same conditions as the system designed for drinking water production (paper 
II). The results from both systems were presented for the first three months of operation, 
after when the soil-pipe system could be considered to have reached a pseudo-stationary 
state during the diurnal operation and the night cooling.

Pipe perforations in the present model contributed to an increased heat transfer from the 
pipe and a resulting higher condensation rate by 72%, from 1.8 kg/m/d to 3.1 kg/m/d. 
Figure 11 shows the condensation rate inside a 50 m long drainage pipe and the vapour 
flux through the perforations.

The enhanced condensation rate when using drainage pipes is due to the mass transfer of 
water vapour from the soil around the pipe, transporting sensible and latent heat from 
the vicinity of the pipe to cooler areas. 
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As can be seen in Figure 12 the temperature between the pipes is still below the critical 
rooting temperature, rendering the heating tolerable for most crops. Still, because the 
temperature inside the pipe is above 45°C root intrusion in the pipes are prevented, 
which is considered one of the most common problems in using subsurface irrigation 
schemes.

Figure 12 also shows the total vapour flux (diffusive and convective) in the soil, directed 
out from the pipe during daily irrigation and towards the pipe during the night, when 
cool ambient air is circulated through the pipes to restore the ground’s cooling capacity.

  a. Irrigation       b. Night cooling 

Figure 12: Temperature and total vapour flux density in the midsection of the pipe during the 
6th hour of a)irrigation and b)night cooling on the 91st day. The centre of the 0.2 m diameter
drainage pipe is located at 0.5 m depth.   

Figure 11: Daily mean condensation rate (⎯⎯), and vapour 
flux through perforations (-⋅-⋅-⋅-), per pipe meter during the 
first 90 days of irrigation. 
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Of note from the flow directions, is that it is the diffusive flux that dominates the total 
flux density of vapour. A higher intrinsic permeability (leading to greater bulk fluid 
motions) would result in a stronger vapour flux from the pipe during the night and less 
vapour transport from the pipe during the day. The latter would probably reduce the 
condensation rate in the pipes.

Since the soil-pipe system has reached a diurnal steady state on the considered day, the 
heat released during the day is completely removed during the nightly cooling. 
According to Figure 13 the heat released per unit pipe surface area of a drainage pipe 
ranges from 340 W/m2 during the day to minus 70 W/m2 at night. The heat transported 
through the ground surface and to the ground water then becomes 170 W per unit 
ground surface area.

The heat from the drainage pipe is 55% higher than the corresponding heat release from 
the non-perforated pipe. This value agrees well with the measurements performed by 
Göhlman (1987), which resulted in a 50% higher heat transfer from a perforated pipe.

In Figure 14, the effective soil water saturation is plotted with the liquid water flux 
vector field. Due to the nightly cooling of the pipes and the ground surface, water 
accumulates above the pipe burial depth. However, including solar radiation in the 
calculations would heat the ground from above during the day, and reduce the upward 
flux.

The water movement to greater depths is mainly driven by water pressure gradients, but 
because the intrinsic permeability is set to a low value, the diffusive vapour flux caused 
by density gradients is the dominating water transport mechanism. A higher intrinsic 
permeability would thus cause a greater downward liquid water flux, but also require a 
more detailed simulation scheme to obtain a converging model. 

Figure 13: Heat flux from the pipe during irrigation and 
nightly ambient air cooling the 91st day 
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  a. Irrigation       b. Night cooling 

Figure 14: Soil water saturation and liquid water flow in the midsection of the pipe during the 
6th hour of a) irrigation and b) night cooling on the 91st day. 

When varying the inlet airflow parameters ±20% in the presented system, the 
temperature was found to have an even greater effect on the condensation rate than in 
the drinking water production system (Table 4). The different results are basically due to 
the strongly coupled relationship between the mass transfer and the temperature 
gradients in the present model. A higher airflow temperature also heats the surrounding 
soil, thereby increasing the evaporative cooling near the pipe and the mass flux of water 
to cooler regions. Warmer air also carries more vapour.

  Table 4: Dependence of condensation rate on selected inlet parameters  

Inlet parameter +20% -20% 

Temperature 5.86 kg/m/d (+90%) 1.12 kg/m/d (-63%) 
Relative humidity 3.89 kg/m/d (+26%) 2.19 kg/m/d (-30%) 
Velocity 3.48 kg/m/d (+11%) 2.71 kg/m/d (-13%) 

An increase in inlet air temperature of 20% (from 60°C to 72°C) increases the 
condensation rate in the pipes increased by 90%, resulting in an effective irrigation rate 
of 4.1 mm/d. The soil was also heated by an additional 5-10°C compared to the 
reference soil profile in Figure 12, which is too warm for crop roots. In a system where 
these high temperatures can be achieved, large pipe spacing should thus be used. This 
would also increase the condensation rate even further. 
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Figure 15: Test rig at LTU, Luleå, Sweden. 
The drainage pipe is placed on a 0.75 m 
layer of sand in the insulated box.  

Figure 16: Pilot plant at the INRGREF in Tunisia. One area is 
irrigated with underground drainage pipes and another area by 
vertical stand-pipes sticking up above the ground surface. 

3.3 Field testing & Experiments 

To evaluate the developed models described in papers II and III, an experimental indoor 
test rig was constructed at Luleå University of Technology (Figure 15).

The sand is of homogeneous size and free from 
salts and organic compounds. The Soil Water 
Retention Curve and the thermal conductivity 
relationship to temperature and water 
saturation will be determined for the sand.

Measuring the inlet and outlet humid airflow 
properties, and logging the temperature 
distribution in the middle cross-section of the 
sand, provides a rough estimation of the heat 
and mass transport in that cross-section. To 
determine the transfer rates in absolute values, 
the soil humidity must be logged as well.

The test rig experiments will be conducted 
during the spring 2006 so that the validations 
of the simulation models can be carried out 
during the latter part of 2006. 

Based upon the proposed CI system designs published in paper I, pilot plants have been 
constructed in Tunisia and Algeria. The results from these plants will be evaluated in 
further research to estimate the feasibility of Condensation Irrigation.

Figure 16 shows the Tunisian 
pilot plant, where the 
subsurface irrigation and 
overhead irrigation systems 
are tested in two separate 
fields. The airflow to both 
fields is warmed and 
humidified by solar 
collectors, and the airflow 
properties, soil temperature 
and humidity are logged.

The experimental set-up and 
the Tunisian pilot plant are 
described in Appendix II. 
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4. Recommendations & Conclusion 

Condensation Irrigation was developed when considering the water shortages often 
experienced in arid and semi-arid climates. Making use of the considerable solar potential 
in these areas for distilling saline or otherwise polluted water, precious freshwater from 
local watersheds can be preserved or re-allocated to other sectors. 

Desalination in solar stills is often inefficient due to the relatively low operating 
temperature and working pressure. Shifting the dehumidification from the stills to an 
external source increases the production of water by enhanced cooling.

In the CI system the humid air formed inside the solar stills is pumped through an 
underground pipe system where vapour condenses on the inner walls of the pipes. 
Because the ground temperature in warm arid regions is generally much cooler than the 
midday ambient air, this is an efficient cooling source. The evaporation rate inside the 
stills is further increased in the CI system by the induced airflow over the water surface 
in the stills. By circulating ambient air through the pipes during the night the cooling 
capacity of the ground is increased.

Two kinds of CI systems have been studied thus far, one for drinking water production 
and one for subsurface irrigation. Both systems were theoretically analysed through 
numerical simulations of the mass and heat transfer in the soil-pipe system.
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4.1 Drinking water production using CI technology 

For drinking water production non-perforated pipes were buried in the ground and the 
condensed water could be collected at the pipe endings. The theoretical simulations of a 
presumed reference system resulted in a daily mean water production rate of 1.8 kg/m/d 
in a 50 m long pipe.

At diurnal steady state, the mean airflow temperature during 24 hours was higher at the 
outlet than the inlet, meaning that the ground temperature around the pipe was higher at 
the pipe ending. This indicated that a longer cooling interval or a higher night air 
velocity would yield a higher condensation rate in the simulated pipe.

A maximum water production rate was obtained during the study by reducing the daily 
operation to 8 hours per day (i.e. during hours of ambient air temperatures above 24°C) 
and hence cooling the ground for 16 hours. This increased the water production to 1.9 
kg/m/d in the simulated pipe. The water production was further enhanced by increasing 
air temperature, humidity and velocity, or by reducing pipe length, spacing, depth and 
air pressure. When considering the high solar radiation in arid regions, a shallow pipe 
depth might not, however, be preferred to deep pipe installations.

When designing a CI system for drinking water, the construction used for the air 
humidification will play a vital role in the production efficiency, since the air inlet 
temperature and humidity are the dominant factors influencing the water yield.

The pipe system configuration will also determine the production rate. From the 
simulations, it was found that in restrictive areas to be used for the underground pipe 
system pipes should be placed as close together as possible and buried in directions 
comprising the shortest lengths. If extensive land areas are available, and the material and 
installation costs are to be considered, the pipes can be placed further apart to obtain a 
higher water yield per pipe-meter.

The maximum yield was found at a pipe spacing of approximately 2.2 m in the reference 
system, though this optimum varies with inlet airflow properties (function of climate and 
humidification construction) and soil type. Increasing the spacing further would not yield 
higher water production rates. The timing of air dehumidification and night cooling also 
influences this optimum, but this relationship has not been investigated further.

The calculated fan energy to drive air through one straight and horizontal pipe was 0.96 
kWh/m3 water. This energy cost would be reduced with an increased inlet air 
temperature due to the acceleration caused by the air cooling. When including pressure 
losses from driving the air through the solar still, pipe bends and junctions, the fan energy 
requirement increases.
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4.2 Condensation Irrigation with buried drainage pipes 

When irrigating with humid air in subsurface drainage pipes the system construction and 
operation must be designed to maintain soil humidity and temperature at levels suitable 
for the specified crops.

The theoretical CI system resulted in a diurnal steady state condensation rate of 3.1 
kg/m/d and a mean irrigation yield of 2.3 mm/d during the first 3 months. However, if 
plants had been included in the simulations, root suction and the resulting lower soil 
temperature would have increased the irrigation efficiency and reduced the percolation 
to the groundwater.

According to experiments performed by Hausherr and Ruess (1993), irrigation by 
underground condensation of humid air halved the crop water need. Assuming this result 
to be generally valid, crops requiring 4.6 mm/d or less could theoretically be cultivated 
in the reference system.

In warm and dry climates, the irrigation need is high due to greater transpiration from 
the leaves. As a guideline 8-13 mm/d is stated as the required irrigation need in semiarid 
and arid climates. During warm and sunny conditions, the increasing evaporation rate 
from the solar stills would also increase the irrigation supply. Current simulations showed 
that a 20% increase of the inlet air temperature almost doubled the condensation rate, 
leading to a total irrigation yield of 4.1 mm/d (corresponding to 8.2 mm/d according to 
Hausherr et al. (1993)).

At the same time, the ground temperature was found to be on the verge of what plants 
can generally tolerate. Placing the pipes wider apart and planting crops in double rows 
along the pipes, would decrease the temperature in the soil, while supporting a higher 
irrigation level. A high airflow inlet temperature is thus advantageous, since it reduces 
the construction cost of the system.

Since solar radiation was excluded in the calculations, a shallow pipe depth was preferred 
for high irrigation yields. In reality solar radiation would greatly increase the ground 
surface temperature, and thus lower the condensation rate in the pipes. The zone for 
water accumulation could also be transferred to lower depths, which would advocate 
greater pipe depths.

A rough estimate was made to evaluate the fan energy required to drive the airflow 
through one drainage pipe. Using the same friction factor as for non-perforated pipes 
(Lindblom et al., 2006a), this was determined to be 0.4 kWh/m3 of condensed water, 
though the frictional losses and fan energy should really be higher.
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4.3 Future Work 

In the continued work on developing the Condensation Irrigation system, the following 
will be undertaken: 

Validation of simulation model by laboratory experiments
The laboratory experiments at LTU described in Appendix II will be used to validate 
and improve current simulation models.

A simulation model including solar radiation and plants
Further calculations on the subsurface CI system will be conducted where solar radiation 
and the leaf and root development of plants are included. This model will be based upon 
the validated model described in paper II.

Alternative system designs
Preheating the feed water to the solar still by circulating it in separate pipes inside or 
around the buried drainage pipes, would enhance the airflow dehumidification rate. The 
potential for this preheating scheme will be theoretically examined. 

By lowering the construction costs of the system other means for conducting the humid 
air in the ground will be briefly investigated, and the air humidification process will be 
analyzed.

System design criteria
Based upon results from the theoretical simulations, laboratory experiments, and field 
tests in Tunisia and Algeria, guidelines for the design of a Condensation Irrigation system 
will be presented and documented.

Pilot plant in Libya
A pilot plant for Condensation Irrigation will be constructed in Tripoli, Libya based on 
the developed system design criteria.
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Nomenclature

a van Genuchten parameter 
C Accumulated condensation rate, kg/d 
c velocity, m/s 
cc pipe spacing, m 
cp specific heat capacity, J/kg/°C
cv specific heat capacity at constant volume, J/kg/°C
d  particle diameter, m 
D diffusion coefficient of air-vapour, m2/s
d pipe depth, m 
D pipe diameter, m 
E evaporation rate of vapour in the soil, kg/m3/s
f friction factor, - 
h thermal convection coefficient, W/m2/°C
hm mass convection coefficient, m/s 
i diffusive flux density, kg/m2/s   
k relative permeability, - 
K saturated hydraulic conductivity, m/s    
k thermal conductivity, W/m/°C
ki  intrinsic permeability, m2

L latent heat of vaporization, J/kg 
m mass, kg 
m van Genuchten parameter 
n number of time steps, - 
n van Genuchten parameter 
p pressure, Pa 
Q enthalpy, J/kg/K 
q heat flux, W/m2

S degree of saturation, m3/m3

T temperature, °C
t time, s   
v fluid phase velocity, m/s 
w absolute air humidity, kg vapour/kg dry air 
y vertical direction, - 
ρ density, kg/m3

θ porosity 
φ relative humidity 
α thermal diffusivity, m2/s
τ tortuousity 
μ viscosity, Pa s 

Subscripts:
a air  
aa ambient air  
av humid air 
c capillary 
g  gas 
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e  effective 
i  position in z-direction 
in inlet 
v vapour  
w liquid water 
p solid particle 
p pipe 
r relative 
0 reference  

Superscript:
˙ per  second 
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ABSTRACT 
This paper outlines a solar driven system for subsurface irrigation, using solar stills with e.g. 
seawater for warming and humidifying air, and buried drainage pipes for condensation of the 
humid air and water distribution in the ground. The system is preferably used in warm, arid 
climates, where the available freshwater is scarce and the sunshine is plentiful. Air is warmed 
and humidified by flowing over the water surface in a solar still. By means of a fan it is 
thereafter led down into buried pipes where the humid air is cooled so that water vapour 
condenses on the inner walls of the pipes.  
 Three different applications will be studied. First, drinking-water production will be 
analysed, where vapour is condensed in smooth PVC-pipes. This model is then expanded to a 
subsurface irrigation system by the use of drainage pipes, where the condensed water may 
penetrate the pipe wall through the drainage holes and infiltrate the surrounding soil. The last 
application is a system for overhead irrigation, where vertical pipes are connected to the buried 
pipes to function as chimneys for the humid air. During the night, the warm, humid air is 
released through the pipes. As the air passes through the vertical pipes and meets the cooler 
atmosphere, the vapour condenses and falls out as dew.  
 This condensation irrigation project is carried out as a collaborative PhD project between 
Luleå University of Technology, Sweden, and University of Tripoli, Libya. Field tests will be 
performed in a pilot plant at the Center for Solar Energy Studies, Tripoli, Libya.  

1. INTRODUCTION 
According to the United Nation’s Environmental Programme, one third of the world population 
live under water-stressed conditions today. This number is believed to double within the next 25 
years, if present consumption patterns continue [3]. The accelerating soil degradation and 
declining agricultural productivity in Africa is another major problem. Predictions indicate that 
the continent only will be able to feed 40% of its population in another 25 years [1]. Since only 
ten per cent of the African land has the potential of rain-fed cultivation, the development of 
irrigation is of highest importance for the future development [2].  

The main problem of irrigation in arid regions is water shortage. Most of the available 
freshwater in Africa is already used for irrigation and to economize the supply, saline water is 
often added to the clean water. This short-term solution is not only harmful to the crops; it also 
slowly degrades the land, making it unusable for cultivation. Old-fashioned irrigation methods 
also contribute to the low cultivation productivity and land degradation. The most frequently 
used method is flooding, where water is conducted in ditches out to the fields. This, least water-
efficient irrigation method is also the cheapest. More water-efficient methods, such as 
sprinklers, drip irrigation and subsurface irrigation are rarely affordable [4]. 

mailto:jeli@ltu.se
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The suggested condensation irrigation system offers a way of irrigating saline-free water 
directly in the root-zone, which minimizes the water-consumption and prevents saline 
groundwater from rising to the surface. Land degradation is prevented by this moderate daily 
water distribution. By means of a solar driven desalination system, brackish or saline water is 
distilled to become a new source of freshwater. An induced airflow is humidified while passing 
over the warm water surface of a still. A subsurface irrigation system is coupled to the 
desalination plant, as shown in figure 1, where the warm humid air condenses in the buried 
pipes of the irrigation system. Since the water has no exposure of the sun, the evaporation losses 
are eliminated. 

Figure 1: Outline of the condensation irrigation system. Ambient air enters the solar still and is 
warmed and humidified before entering the buried pipes. 

There are some previous studies of condensation irrigation. Widegren (1986) performed 
theoretical studies on a condensation irrigation system, which irrigated a land area of 1 ha by 
using a fan power of 3–10 kW [5]. Nordell (1987) constructed a small-scale plant for a green 
house for cucumbers in Övertorneå, north Sweden. This climate system was designed to reduce 
the air temperature difference between night and day. During the day humid air was conducted 
into drainage pipes, thus heating the ground and cooling the air. At night time the greenhouse 
was heated by the heat of the ground. The injection of heat and air into the ground also speeded 
the composting and advanced the start of the growing season. The system has been successfully 
in operation since 1987 [6].  

A Swiss company constructed a condensation irrigation plant where the evaporation of seawater 
was performed in plastic tubes and the condensation occurred in buried drainage pipes. The 
Swiss system halved the water consumption of tomato plants [7]. Gustafsson and Lindblom 
(1991) carried out theoretical and experimental studies on condensation irrigation in a MSc 
work at Luleå University of Technology, Sweden. Their calculations showed that an irrigation 
of 4.6 mm/day was possible to achieve with an energy consumption of 1.6 kWh/m3 [4]. 

2. CONDENSATION IRRIGATION 

The condensation irrigation system makes use of the sunshine in warm arid regions for driving a 
evaporation process of seawater in solar stills. By letting air flow over the warm water surface 
in the still, the air is heated and humidified. After saturation the air is transported from the still 
and into buried drainage pipes. In the underground the humid air is cooled and the vapour 
precipitates as water on the inner walls of the pipes. The water and some of the humid air leaves 
the pipe through the drainage holes and thus irrigates and aerates the soil.  





PAPER I:  Condensation Irrigation – a system for desalination and irrigation 

Because of the ground thermal resistance, the heat emitted from the humid air will warm the soil 
around the pipes and thereby decrease the heat transfer of the air cooling process. To restore the 
original ground temperature cold ambient air is injected through the pipe system during the 
night. The irrigated land area might hence be seen as a diurnal heat storage, which stores the 
heat during the day and releases it during the night.  

Suppose that the humid air was warmed to a temperature of 70ºC in the solar still and cooled to 
40ºC in the buried pipes. By assuming that both the air and the water vapour behave like ideal 
gases under normal pressure at the pipe in- and outlet, the amount of condensed water can be 
derived from the ideal gas law: 

TR
Vpm

⋅
⋅=  (1) 

where m is the partial mass, p is the partial pressure, V is the partial volume, R is the universal 
gas constant and T is the temperature. The ratio of the partial masses of vapour and dry air, 
eq.(1), describes the weight of the water contained in one unit weight of dry air. This is known 
as the specific humidity, x (kg water/kg dry air). By assuming vapour saturated air in the 
condensation irrigation system, the expression for the specific humidity becomes: 
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where pv,sat is the partial pressure of saturated vapour (Pa) and ptot is the total pressure of the air-
water vapour mixture (Pa). Since the total pressure of the mixture is assumed to be at normal 
pressure at the inlet and outlet of the buried pipes, the specific humidity at these locations can 
be determined through eq. (2) to x70ºC=0.27504 kg water/kg dry air and x40ºC=0.04869 kg 
water/kg dry air, respectively. The difference in specific humidity constitutes the amount of 
condensed water.

For a mass flow of e.g. 0.150 kg humid air/s in one pipe, the condensation rate is 0.027 kg 
water/s. Supposing that this mass flow and condensation rate occurred along a 100 meter long 
pipe, which was supposed to irrigate 2 m2/meter pipe during ten hours a day, the average 
irrigation amount would be 972 kg/day, that is about 5 mm/day,m2, which covers the irrigation 
need for most crops [4].  

The principles behind the condensation irrigation can be used for numerous different 
applications. This project, however, will primarily focus on one system for drinking water 
production, one for subsurface irrigation and finally one for overhead irrigation.   

2.1. Drinking water production 

By using buried PVC pipes for condensation the condensed water may be collected at the end of 
the pipes. The study of this system for drinking water production is done in order to be able to 
study the hydraulics and heat transfer within the pipe and the transient heat accumulation in the 
surrounding ground without taking into account the leakage of water and air to the ground. 
Though this distilled water is clean it has to be processed before drinking.  
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Figure 2: Section of drainage pipes. The 
condensed water, and flows trough the 
pipe walls into the surrounding soil. 

2.2. Subsurface irrigation  

The subsurface condensation irrigation system utilises e.g. buried drainage pipes to conduct 
warm, humid air, although other types of ducts might be considered in the future. The drainage 
holes in the pipe make it possible for air and water to penetrate the walls and percolate the 
surrounding soil. This mass transfer also contributes to an increased heat flux from the pipe 
which improves the air cooling process. 

A soil temperature up to 40ºC is favourable for 
most crops and stimulates root growth, but 
greater temperatures are certainly harmful. Thus, 
a pipe temperature above 40ºC will prevent the 
roots of the crops from growing into the pipe and 
reduce the system efficiency. The system should 
hence be optimised in such a way that at the end 
of the daily operation, the temperature outside 
the pipe wall has just reached 40ºC at the pipe 
endings [5].  

The water will be transported through the soil to 
the plants by capillary forces and by the suction 
of the roots. This is why the roots can be located 
some distance away from the pipe and still be 
able to pick up the water. 

The cooling of the ground during the night is of great importance to maintain the cooling 
capacity of the soil. In the ideal case the heat injection is balanced by an equal amount of 
cooling, though the soil mean temperature during the operation period might be higher than the 
initial. During the annual fallow periods the irrigated field will release any remaining excess 
energy stored in the ground. 

The water production depends not solely on the magnitude of the time and temperature intervals 
of the irrigation operation. The pipe length and spacing in the ground also have a decisive 
influence on how much water the crop will gain, and the outline of the solar still will determine 
the vapour production rate. These capacities must be carefully designed to obtain a well 
functioning condensation irrigation system.   
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Figure 3: Vertical pipes conduct warm,
humid air to the ambient outside air.
As the air from the pipes meets the
colder air outside, water condenses and
creates an artificial drizzle rain.  

Figure 4: Plan of an overhead irrigation 
plant. The water vapour from the pipes 
condenses above the field. The system must
be built in a large scale with a great number
of vertical pipes.

2.3. Overhead irrigation 

Induced dew irrigation will be studied at the end of the project. The dew is achieved by letting 
the warm, humid air out above ground through vertical stand pipes, which are connected to 
buried horizontal pipes. As the air from the pipes meets the colder atmosphere, condensing 
vapour forms a cloud of water droplets, which fall out as dew or drizzle. One application for this 
type of system would be frost protection of crops.  

The feasibility of overhead irrigation system will be theoretically analysed as a function of air 
flow rate and velocity, temperature difference between the warm and cold air and wind velocity. 
Since more water can be extracted with larger temperature difference between the ambient air 
and the air from the pipe, an optimum efficiency would be obtained if the solar heated water 
was stored until the night, and then blown through the pipes and out to the cold night air. The 
idea of vertical pipes could later on develop into a study of whether solar chimneys can be used 
for creating a temperature induced flow through the buried pipes [8]. 

3. FUTURE WORK 

The project on condensation irrigation started in Januari 2003 as a collaborative PhD project 
between Luleå University of Technology, Sweden; University of Tripoli, Libya and the Center 
for Solar Energy Studies, Tripoli.  

The work has initially been focusing on developing a simulation model of the system for the 
purpose of comparison and evaluation against laboratory tests. At a later stage a pilot plant will 
be designed based on obtained knowledge and results. The pilot plant will be constructed at the 
Centre for Solar Energy Studies in Tripoli, Libya. The operation of this plant will be monitored 
to document the performance of the irrigation system. Both technical and economical 
evaluations will be made. 
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ABSTRACT 
Condensation Irrigation (CI) is a combined system for solar desalination and irrigation. 
Solar stills are used to humidify ambient air flowing over the saline water surface in the 
still. The warm, humid air is then led from the still into an underground pipe system 
where it is cooled and vapour precipitates as freshwater on the pipe walls. If drainage 
pipes are used the condensed water and humid air percolates through the pipe 
perforations, and irrigates and aerates the ground. Drinking water can be collected at the 
pipe endings when using non-perforated pipes. Numerical simulations on the 
condensation irrigation system in a theoretically arid climate indicate a possible mean 
irrigation rate of 2.3 mm/d, which according to previous experiments corresponds to an 
irrigation rate of about 4.6 mm/d in a surface irrigation scheme.  

Keywords: Irrigation, Desalination, Renewable Energy, Humid Air, Modelling 

1. INTRODUCTION 
Along with the deterioration of existing water supplies, the growing world population 
leads to the assumption that two-thirds of the world’s population will lack sufficient 
fresh water by the year 2025 (UN, 2000). To meet the food demands of the estimated 
7.9 billion people, cereal production must grow by a projected 47% between 1995 and 
2025 (Rosegrant et al., 2002). 

With secure access to irrigation water, harvests could be increased by 2-6 times 
(Sundquist, 2003). However, the potential for expanding irrigation remains limited: the 
water resources of many rivers have been fully exploited, and the competition for water 
resources between agriculture and industrial and domestic uses is growing more intense. 

In parts of Africa and Asia, almost 90% of available freshwater is used for agriculture 
(Hamdy et al., 2003), and groundwater levels are decreasing dramatically due to rapid 
expansion of tube well installations (Plusquellec, 2002). To supplement water supply to 
other sectors, saline or waste water are often used to replace freshwater in agriculture, 
with the risk of damaging vulnerable ecosystems (Karlberg, 2005).  

mailto:jeli@ltu.se
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In the semi-arid and sub-humid agro-savannas of the world, agricultural systems must 
be designed to suit smallholders with poor resources, less fertile soils and live in 
hazardous climates – in areas where former efforts in expanding agricultural systems 
have failed (Falkenmark et al., 2004). To augment freshwater availability on farms 
without risking land degradation, desalination of saline water using renewable energy 
might be the only sustainable solution. 

The Condensation Irrigation (CI) system combines desalination with irrigation by 
humidifying ambient air with saline water in, e.g., solar stills and dehumidifying it 
externally directly in the rooting zone of crops by means of underground drainage pipes. 
The condensed water and some humid air flow into the soil through perforations in the 
pipe and irrigate and aerate the soil.

The sub-irrigation scheme minimizes crop water consumption and eliminates water 
losses from surface runoff. Furthermore, since the pipe inlet temperature and humidity 
of the airflow will increase with solar radiation when using solar energy to drive the 
evaporation process, water production in the system becomes more efficient during 
sunny weather when the need for irrigation is greatest. 

Water uptake by plants is very efficient by moderating daily water distribution, as 
demonstrated in the CI plant constructed by the Swiss company Ingenieurbüro Ruess 
und Hausherr (1993), where condensation of a humid airflow in buried drainage pipes 
halved the water consumption of tomato plants. Other theoretical and experimental 
studies on CI carried out by Gustafsson et al., (1999) in Adana, Turkey, indicated a 
possible irrigation of 4.6 mm/day with an energy consumption of 1.6 kWh/m3.
Widegren (1986) performed theoretical studies on a CI system that irrigated a land area 
of 1 ha by using a fan power of 3–10 kW.  

Based upon proposed CI systems described by Lindblom et al., (2003), pilot plants have 
been constructed in Algeria and Tunisia by the University of Tlemcen (UT), Algeria, 
and the Tunisian Institute for Research on Rural Engineering, Water and Forestry 
(INRGREF). These pilot plants and complementary theoretical and laboratory studies of 
the CI system will be used later to form the design of another pilot plant, to be located 
in Tripoli, Libya. 

An alternative use of the principles for Condensation Irrigation has also been 
investigated by using non-perforated pipes in the ground, where the condensed water 
can instead be collected at the pipe endings and used for, e.g. drinking water purposes. 
This system was theoretically analyzed by Lindblom et al., (2005) with a resulting 
condensation rate of 1.8 kg/m,d and a fan energy requirement of approximately 1 
kWh/m3 for a specified reference system. Göhlman (1986) studied and performed 
system measurements using both plain and perforated pipes. The resulting heat transfer 
was 50% higher in the perforated pipes, implying a higher condensation rate. 

Nordell (1987) constructed a small-scale plant in a greenhouse for cucumbers in 
Övertorneå, northern Sweden. This climate system was designed to reduce the 
difference in air temperature between day and night. During the day, humid air was 
circulated through buried drainage pipes, thus heating the ground and cooling the air. At 
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night, the greenhouse air was heated by the ground. The injection of heat and air into the 
ground also accelerated composting and advanced the start of the growing season. The 
system has operated successfully since 1987. 

2. CONDENSATION IRRIGATION 
The CI system makes use of thermal energy to evaporate saline or otherwise polluted 
water in, e.g. solar stills. Ambient air is induced to flow over the warm water surface in 
the still and then led into an underground pipe system where it is cooled, and its vapour 
precipitates as freshwater on the pipe walls. When drainage pipes are used, the pipe 
perforations enable the condensed water and some humid air to leave the pipes and 
thereby irrigate and aerate the soil. The CI system is outlined in Figure 1.  

Air Humidification (Evaporation)
Desalination in solar stills is a common method in producing freshwater. Commercially 
passive solar stills produce around 3-4 kg/m2 per day and are therefore mostly used for 
small-scale water production (Kalogirou, 1997). If solar stills were used to humidify air 
in a CI system, they would be more efficient than ordinary stills, since the induced 
airflow would increase the evaporation rate from the water surface. Although solar stills 
are suitable for humidifying air, many other methods and heat sources are possible, 
depending on the geography and other site specific conditions. A solar driven 
alternative would be to use existing lined irrigation canals that are impermeable to salts. 
Converting these to air humidification canals would require a transparent cover and 
possibly a radiation absorbing material onto the canal borders.

Air Dehumidification (Condensation)
The warmed humidified air releases its heat in the ground, gradually reducing the 
cooling capacity of the system. To decrease the ground temperature, cold ambient air is 
circulated through the pipe system during the night. The mean soil temperature will 
nevertheless be greater during periods of irrigation than the undisturbed soil 
temperature. When irrigation is not needed, the soil temperature is lowered by natural 
means or by auxiliary cooling by ambient air.  

Apart from the soil temperature, the condensation rate along a pipe also depends on soil 
permeability and humidity, pipe configuration, and humid airflow properties. The types 
of crops will also influence the soil temperature and moisture distribution differently, 
since the root development and water uptake ability of crops are somewhat temperature 

Figure 1: Outline of the condensation irrigation system. Ambient air is warmed and 
humidified by solar radiation and led into buried drainage pipes, where it is cooled and 
dehumidified.  
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Figure 2: Section of drainage pipes buried in a 
field. Heat, condensed water and humid air flow 
through the pipe perforations into the soil. The 
pipe diameter (D), depth (d), and spacing (cc) are 
so denoted.     

dependent. For most cultivated crops, 
temperatures up to 45ºC are thought 
to stimulate root growth, whereas 
higher temperatures can be harmful 
(Widegren, 1986). 

When designing a condensation 
irrigation system, the pipe 
configuration should be such that this 
critical temperature is reached at the 
pipe walls, but never in the soil 
between two parallel pipes.  In doing 
so, plant roots will develop freely in-
between the pipes, while avoid 
growing into the pipes, and thereby 
blocking the airflow (Figure 2).

A successful irrigation system design 
must be able to supply enough water 
to the cultivated crops. When 
choosing pipe depth and spacing, 
water availability to plants must be 
considered with soil temperature 
distribution.

This implies a shallow and wide pipe configuration, though for practical reasons the 
pipes should not be buried too shallow in the field. Pipes in commercial sub-irrigation 
systems are generally buried 0.4-0.5m below the ground’s surface with 65% of the 
locally required spacing for drainage systems (Nyvall, 1998). 

In humid areas with shallow groundwater tables, subsequent rainfalls possibly resulting 
in excessive soil moisture and sub-irrigation near the rooting zone could in such 
climates lead to waterlogging or crop failure. Hence, the presented condensation 
irrigation scheme is primarily aimed towards arid and semi-arid areas, where 
groundwater is deep and freshwater is a scarce commodity.

3. THEORETICAL ANALYSIS OF THE CI SYSTEM 
Water and humid air from drainage pipes are transported through the soil by diffusion, 
advection, evaporation, condensation, and in some cases, adsorption. In the current 
model of the condensation irrigation system, dissolution of air in water, surface 
diffusion, and the effects of hysteresis for relative permeability and capillary pressure 
are neglected. The soil is considered to be homogeneous and free from salt and organic 
material, and any osmotic effects and chemical reactions are thus neglected. To simplify 
the analysis, the ground is also considered free of vegetation and no solar radiation or 
precipitation is at this stage included. The air humidification process is not investigated 
in this study.
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The main parameters influencing mass transport in the soil are pressure, density 
variations of the phases, temperature gradients caused by the heat transfer to and from 
the drainage pipes, ambient air temperature, and undisturbed soil temperature, assumed 
to be located at the groundwater table. During the day, the ground is heated from above 
and from the pipes, causing some water to evaporate with a resulting evaporative 
cooling and vapour migration to colder regions in the soil. During the night, the soil 
surface and pipes are cooled, leading to fluxes in opposite directions in the vicinity of 
the pipes and ground surface.  

Occurring pressure gradients in the soil are caused by gravitation, temperature gradients 
(Philip et al. 1957) and the capillary suction of water in the soil matrix. Some water and 
humid air from the drainage pipe will be forced into the soil by overpressure in the pipe 
and the capillary suction, though the magnitude of each phase flux density depends on 
the pressure and saturation degree, S, of the corresponding phase outside the pipe. The 
saturation degree, S, of each phase relates to each other as 

1=++ wgr SSS   (1) 

where Sr = 0.1 is the residual saturation of water in the soil, i.e. 10% of the pore volume 
consists of adhesive water bound to the solid particles, and does not take part in the 
mass transport. Sg and Sw denote the saturations of humid air and liquid water in the 
soil. The residual air content is assumed to be negligible (Helmig, 1997).  

The effective saturation of the soil, Se, is the liquid water saturation when accounting 
for the actual pore space available:   
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According to the model by van Genuchten (1980) for describing soil water retention 
curves (SWRC), the capillary pressure, pc, as a function of the effective saturation can 
be written as: 
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where ρw is the liquid water density, n and a are shape parameters of the specific soil, 
and m=1-1/n. The capillary pressure can also be expressed as the pressure difference 
between the air and the liquid water pressure (Sheikhzadeh et al., 2005): 

wgc ppp −=    (4) 

where pw is the liquid water pressure and pg is the excess gas pressure in the pore space, 
calculated as the sum of the air and vapour partial pressures, in accordance with 
Dalton’s law, reduced by the reference pressure of 1 atm (≈ 101.2 kPa). The vapour 
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pressure, or density, relative to the saturated state, pv/pv,sat or ρv/ρv,sat, (i.e. the relative 
humidity, φ, in the pore space) can be determined by the Kelvin-Laplace relation: 
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where Rv is the gas constant for vapour and T is the local temperature (Marshall et al., 
1996). Since the soil moisture content cannot decrease below the residual saturation 
degree, also called the permanent wilting point, the relative humidity will be contained 
in the interval 0.99≤φ≤1.

When there is more than one fluid phase in the pores, the presence of one phase disturbs 
the flow behaviour of the other, since the flow area is reduced and the path through the 
pore is extended (Helmig, 1997). The ability of the soil to transmit fluids is described by 
the soil’s intrinsic permeability, ki, which is a soil property that can be expressed in 
terms of the porosity, θ, and the particle size, dp, or in terms of the saturated hydraulic 
permeability, ks:
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where μw is the liquid water viscosity. When permeability is expressed as a fraction of 
the fluid’s maximum permeability, it is termed relative permeability. By using the 
model described by van Genuchten (1980) in conjunction with the theories on pore 
networks developed by Mualem (1976), the relative permeability of air, kra, and liquid 
water, krw, are functions of the effective saturation, according to: 
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3.1 Mass transfer in the soil  
Fluids in the soil move continuously through the boundaries of a control volume (cell) 
by advection and diffusion. Depending on the surrounding environment of the cell, a 
fluid may accumulate or decrease inside, and a change in the saturation of one phase 
will lead to an opposite change in the other.  

The dry air content in the soil cell varies depending on how the air diffusion and bulk 
gas motion change over the cell boundaries: 
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( ) ( )gaaagS
t

vi ρθρ +•−∇=
∂
∂  (9) 

where ρa is the air density, ia is the diffusive flux density of dry air in the pore gas, and 
vg is the gas velocity through the cell. Water movement through the cell can occur in 
vapour and liquid states, and thus affect the degrees of gas and liquid saturation inside: 

( ) ( ) ( ) ( )gvvwwvgww S
t

S
t

viv ρρθρθρ +•∇−•−∇=
∂
∂+

∂
∂  (10) 

where vw is the water velocity and iv is the vapour diffusive flux density. The 
involvement of liquid and vapour phases in the water balance implies that a phase 
change of the water inside the cell will not influence the total mass balance of water 
(liquid and vapour). A phase change will, however, alter the individual phase saturation 
degrees in the cell, and thus the permeability and pressure of the gas and liquid phases 
(Collin et al., 2002).     

The diffusive flux density of gases in the soil is described by: 

αα ρτθ ∇−= gSDi   (11) 

where α denotes either the air or the vapour component of the gas phase (Philip et al., 
1957). The microscopic diffusivity D of the air–vapour mixture is corrected for the 
tortuous path of the gas in the pores by the factor τ and the actual gas volume in the soil 
matrix by (θSg) (Koorevaar et al., 1983).

The air density gradient can be divided into gradients related to temperature and 
pressure,

a
a

aa
a p

p
T

T
∇

∂
∂

+∇
∂
∂

=∇
ρρρ    (12) 

Air is assumed to resemble an ideal gas, with the density derivative on pressure and 
temperature therefore derived from the ideal gas law.  

The vapour density gradient can be expressed as a function of temperature and capillary 
pressure in accordance with Eq (5): 

c
c

vv
v p

p
T

T
∇

∂
∂

+∇
∂
∂

=∇
ρρρ   (13) 

Differentiating Eq (5) with respect to temperature and capillary suction and inserting it 
into Eq (13), the expression for the vapour density gradient becomes: 
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2
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p
T p
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ρ ρ φ ρ

ρ φ φ
ρρ

∂
∇ = − ∇ + ⋅ ∇

∂
  (14) 

Pressure differences arise in the soil due to temperature gradients, gravity, capillary 
pressure and the humid air flow rate out from the pipe. The resulting bulk gas or fluid 
motion in the soil is governed by the respective pressure gradient, gravitational field, 
and effective permeability (kikrβ) in the cell: 

( )i rk k
p g yβ

β β β
β

ρ
μ

= − ∇ + ∇v   (15) 

where β denotes either the liquid or the gas phase.

3.2 Heat transfer in the soil 
Heat flows through the soil by heat conduction and convection. By neglecting kinetic 
and pressure energy terms (Collin et al., 2002), the enthalpy balance equation is written 
as:

0=•∇++
∂
∂ qLE

t
Q    (16) 

where Q is the total enthalpy of all matter within a cell and q is the sensible heat 
transported through the cell by heat conduction and density and pressure gradients. L is 
the latent heat of vaporization and E is the evaporation rate, which is the same as the 
increase in cell vapour content that has not been transported to the cell (as vapour), and 
has therefore been formed by liquid water: 

( ) ( )gvvgv S
t

E vi ρθρ +•∇+
∂
∂=  (17) 

A positive value for E means that liquid water in the cell has evaporated and become 
vapour, e.g. in the warmer parts of the soil. A negative E is obtained when vapour 
condenses. The volumetric cell enthalpy is: 

( ) ( )ppppvvgpaagpwww ccScScSTTQ ρθρθρθρθ )1(0 −+++⋅−=  (18) 

and the sensible heat transfer is 

( ) ( ) ( )( )gvvpvgaapawwpw cccTTTk vivivq ρρρ ++++⋅−+∇−= 0  (19) 

where ρp is the density of the solid particle, along with the specific heat capacities of the 
water, cpw, air, cpa, vapour, cpv, and solid particles, cpp. The thermal conductivity, k, of a 
soil cell is the weighted mean thermal conductivity of the different components 
currently constituting the cell. 
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3.3 Humid airflow through the drainage pipe 
While flowing through the buried drainage pipe, humid air is cooled by the ground and 
vapour precipitates. Due to the perforations in the pipe wall, air and water continuously 
leave the pipe to the surrounding soil, thus decrease the airflow rate through the pipe. 
Applying a control volume around the pipe, the following expression may approximate 
characterize the airflow: 

1

2

,1,

2

,, 2121
+

+ +
+
⋅

+⋅⋅−+
+
⋅

+⋅⋅=
i

av

av

av
avpaviav

i

av

av

av
avpaviavp

c
w
wLcTmc

w
wLcTmq  (20)

where avm  is the mass flux, Tav temperature, cp,av specific heat, cav velocity, and wav

specific humidity in the humid air. The heat transferred from the pipe wall, qp, is  equal 
to the energy change of the airflow, i.e. the sum of convection heat and mass transfer 
due to temperature differences and the rate at which enthalpy is lost with the humid air 
through the pipe perforations, mh, between sections i and i+1: 

( ) ( )[ ] ( )0TTcmhLTThAq avphpavavmpavavpp −⋅+−⋅⋅⋅+−⋅⋅= ρρφ  (21) 

where Ap is the pipe surface area, φav the air relative humidity, ρav the vapour density, 
Tp the pipe wall temperature and ρp the vapour density. T0 is the reference temperature 
set to the ambient mean air temperature. The convection coefficient is denoted hav and 
the mass convection coefficient is hm, derived from the Reynolds analogy: 

av

avaav
m k

Dhh
31α⋅

=   (22)

where αav is the thermal diffusivity and kav is the thermal conductivity of the air.  In 
moving from section i to i+1, the mass flow is reduced by the amount of vapour 
condensing in the control volume and by the humid air mass leaving through the 
perforations:

( ) hpavavmpiaviav mhAmm −−⋅⋅⋅−=+ ρρφ,1,  (23) 

The rate at which humid air exits through the perforations is assumed proportional to 
the difference in the static pressure of the humid airflow, pav, and the partial gas 
pressure in the soil outside the pipe, pg, at that section, according to: 

( )
x
pp

Akkm avg
hg

a

rai
h Δ

−
⋅−= ρ

μ
 (24) 
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Table 1: Sand properties
Porosity, θ, 0.43 m3/ m3

Residual water saturation, Sr  0.10 m3/ m3

van Genuchten parameter, a 6.9 m-1

van Genuchten parameter, n 4.6 -

Intrinsic permeability, ki 10-12 m2

Tortuousity coefficient, τ 0.62 -
    

Table 2: Humid airflow inlet properties
Temperature, Tav,in 60 ºC

Relative humidity, φav,in 70 %

Velocity, cav,in 3.5 m/s 

Pipe depth, d 0.5 m

Pipe spacing, c/c  1.0 m

Pipe diameter, D  0.2 m

   

where μa is the air viscosity, and Ah is the total area of the drainage holes in the section 
under investigation. The humid air flux from the pipe, which is a function of soil water 
saturation, decreases as the soil around the pipe becomes water filled. Both air and 
water leaving the pipe are assumed to be distributed uniformly around the pipe 
perimeter.    

3.4 Simulation Presumptions and Reference System 
To gain some appreciation for the potential of the Condensation Irrigation system, the 
theory described above was used to develop a finite difference model of drainage pipes 
in sandy soil, with relevant properties described in Table 1. The soil parameters are 
adopted from Wildenshild (Zand-Parsa et al., 2004), but the intrinsic permeability is 
decreased to obtain a faster converging simulation model.  

The inlet properties of the humid airflow (Table 2) and assumed diurnal ambient air 
temperature variations were chosen to resemble the reference system previously used 
when modelling the drinking water production system (Lindblom et al., 2004).  

The ambient air had a constant pressure of 1 atm (≈ 101.2 kPa), and the temperature, 
Taa, was assumed to vary between 12 and 28ºC, according to: 

20
360024
2sin8 +

⋅
⋅⋅Δ⋅= ntTaa

π   (25) 

where n is the number of time steps, Δt. Irrigation occurred during the daily 12-hour 
operation when the ambient temperature was warmer than 20ºC. The rest of the day was 
devoted to ground cooling by pumping ambient air directly through the simulated pipe.
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Figure 3: Soil water retention curve 
for the sand used in the simulations. 

The pipe length chosen for the current simulations was 50 m and the slits in the pipe 
wall corresponded to 10% of the pipe surface area. Around the pipe walls, the gas 
saturation minimum was set to 0.09. Moreover, the groundwater level, assumed to be 
located at 10 m soil depth, was considered constant at the mean ambient temperature of 
20ºC.  

Soil and pipe temperatures were initially set to 
20ºC, as was the initial water saturation to 0.2. 
The Soil Water Retention Curve (SWRC) for 
the soil is shown in Figure 3, where the 
pressure head is plotted logarithmically to the 
soil water content. The horizontal model 
boundaries were set at the ground surface and 
the groundwater level; the vertical boundaries 
were set in the middle between two 
neighbouring pipes and through the pipe centre, 
and at the pipe inlet and ending. Except for the 
pipe inlet and outlet no mass and heat transfer 
occurred through the vertical boundaries.

To simplify the evaporation process from the ground surface, all of the soil moisture 
transported to the surface was assumed to evaporate instantly and vanish. The ground 
surface was further affected during the simulations by a constant ambient airflow with a 
corresponding convection coefficient of 6 W/m2,K. Climatic effects such as 
precipitation and solar radiation were not included at this stage.  

4. SIMULATION RESULTS AND DISCUSSION  
The behaviour of the reference CI system was simulated during three months of 
operation, which is comparable to a regular irrigation season. Figure 4 shows the 
resulting condensation rate to decrease rapidly at the beginning of the simulations due to 
the heating of the initially cool ground.

Figure 4: Daily mean condensation rate (⎯−), and 
vapour flux through perforations (-⋅-⋅-⋅-), during the 
first three months of irrigation per m of pipe. 
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Figure 5: Daily mean condensation rate per m of pipe 
for different soil conditions. ⎯− is the reference case; 
⋅⋅⋅⋅⋅⋅ is 150% of intrinsic permeability; -⋅-⋅-⋅- is 150% of 
initial water saturation. 

As the diurnal temperature variation and water saturation around the pipe become 
steady, the mean condensation rate reaches steady state at 3.1 kg/m,d and the vapour 
flow through the pipe perforations of the pipe reaches steady state at 3.9 g/m,d. Its 
contribution to the total irrigation is neglected due to the low vapour flux from the pipe.   

Simulations of a non-perforated pipe (drinking water production) in a similar 
environment resulted in a steady-state condensation rate of 1.8 kg/m,d (Lindblom et al., 
2004). Current calculations show the use of perforated pipes to increase condensation 
by approximately 72%.  

The initial ground humidity, Swi, and intrinsic permeability, ki, influence the steady state 
condensation rate. A dry ground transports mass and heat less efficiently, resulting in 
less condensation in the drainage pipes.

The intrinsic permeability influences airflow dehumidification in such a way that a low 
permeability will initially yield a more rapidly decreasing condensation rate followed by 
a lower steady state irrigation yield (Figure 5). This is due to the fact that the flux 
density of liquid water towards the warm area around the pipe is decreased when the 
effective permeability is low. As the evaporative cooling near the pipe plays a vital role 
in the heat transfer, a low water flux density will lead to a fast heating of the soil near 
the pipe, and hence, a lower condensation rate. 

Figure 6 shows the temperature distribution and vapour flux in the midsection (25 m) of 
the simulated 50 m long pipe for the 91st day during the 6th hour of irrigation and night 
cooling. The soil temperature in between two pipes is below 40ºC, regarded as tolerable 
for most crop roots. This is important since temperatures above the critical rooting 
temperature should be avoided in the rooting zone, generally located 0.5-1.0 m below 
the ground surface. At the same time, the pipe wall during the day is warmer than the 
critical root temperature, thereby preventing roots from growing into the pipe. At night, 
the cool ambient air flowing through the pipe gives rise to an opposite vapour flux 
direction in the vicinity of the pipe and the temperature around the pipe is decreased.
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According to the adopted strategy for coping with surface evaporation, the water 
transported to the surface is continuously removed, leading to a higher moisture transfer 
at night (Figure 7).

In reality, surface evaporation is higher during the day when solar radiation is high. The 
vapour flux, shown to be almost ten times higher than the water transport from the 
surface, is a function of the soil temperature above the pipe depth and the ambient air 
temperature, and reaches a maximum at the end of the daily 12 hour irrigation when the 
ambient temperature is low and the pipe has heated the soil to its highest temperature.  

  a. Irrigation       b. Night cooling 

Figure 6: Temperature and total vapour flux density in the midsection of the pipe during the 6th

hour of a)irrigation and b)night cooling on the 91st day. The centre of the 0.2 m diameter drainage 
pipe is located at 0.5 m depth.

Figure 7: Fictive surface evaporation rate. ⎯− liquid water 
removed; -⋅-⋅-⋅- vapour flux from the surface 
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  a. Irrigation       b. Night cooling 

Figure 8: Soil water saturation and liquid water flow in the midsection of the pipe during the 6th

hour of a) irrigation and b) night cooling on the 91st day. 

When the vapour flux from the soil surface is included, the daily fictive evaporation 
becomes 0.8 mm/d under diurnal steady state simulation, less than the usual real surface 
evaporation between 1 and 8 mm/d (Miyazaki, 1993). The magnitude of the surface 
evaporation is actually greatly dependent on solar radiation, ambient air temperature and 
humidity. Since radiation is excluded from the model, a lower value was to be expected.    

The general way to describe crop water need is to measure the potential 
evapotranspiration (ET) rate. ET usually ranges between 3 and 6 mm/d for summer 
crops in temperate monsoon areas (Miyazaki, 1993). The design peak ET value for 
irrigation systems are often set to 4-7 mm/d (Nyvall, 1998), though water intense crops, 
such as rice or tomatoes, are up to ten times higher.  

The soil water saturation is shown in Figure 8 is from the 91st day on the 6th hour of 
irrigation and night cooling, where the water saturation is seen to change very little and 
the moisture accumulates around the pipe and in the coldest soil close to the ground 
surface.

During the 91st day, the water content in the soil along the pipe from the ground surface 
to a 6 m depth increases by approximately 21 kg. Adding the total surface evaporation 
amount of 36 kg and the total water flux (liquid and vapour) from the 6-meters depth to 
the groundwater of 59 kg, the total water gained to the soil becomes 116 kg, which is 38 
kg less than the daily condensation in the pipe. The missing mass of water is assumed to 
have re-entered the pipe and disappeared from the mass balance.  The percolation of 
water to the groundwater table at a 10 m depth is due to gravitational forces, and the 
vapour flux to the cooler surrounding.

The effective irrigation yield when including surface evaporation and deep percolation, 
but excluding the water loss from the pipe, becomes 2.3 mm/d during the 91st day, 
though the mean irrigation yield during the first 90 days becomes 2.2 mm/d. The lower 
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Figure 9: Soil temperature and water 
saturation in the pipe midsection during 
the 6th hour of irrigation on the 91st day 
using a pipe depth of 0.4 m. 

mean irrigation rate is mainly due to the initially low soil temperature and a marginally 
lower water permeability of the soil that increases as the ground becomes moist.     

A typical plant takes up 70% of its water from the top half of its rooting depth 
(Miyazaki, 1993 and Nyvall, 1998). Hence, in arid areas most irrigation water should be 
supplied to the top 0.25-0.5 m of the ground. The moisture has also accumulated here in 
the simulated system (Figure 8). The dominating upward flux is partly a result of the 
low intrinsic permeability.  

When comparing the soil moisture to crop water requirements, it is important to note 
that if plants had been included in the simulations, root suction would have enhanced 
the water movement towards the rooting zone and lowered the soil temperature, thus 
increasing the efficiency of the condensation irrigation system. The water consumption 
of plants would also reduce water loss to the groundwater. The resulting root uptake 
under such circumstances would increase, though from this study it is not possible to 
predict to what extent. It is, however, clear that different crops will have different 
impacts on the water production and soil moisture movement, depending on rooting 
depths and ability to take up water.

According to measurements performed by Haussherr and Ruess (1993), the water 
requirement of tomato plants was halved when irrigating with underground humid air. 
This result indicates that the irrigation system would be feasible for some crops.   

Disregarding the effects of solar radiation, 
the pipes should be buried as shallow as 
possible to increase nightly cooling and 
hence, the condensation rate. By reducing 
the depth to 0.4 m, the temperature around 
the pipe and in the rooting zone between the 
two pipes is lowered compared to the 
reference system, and the water from the 
pipe is distributed more in the top 0.5 m of 
the soil (Figure 9). The condensation rate 
increased to 3.2 kg/m,d in this 
configuration.

Figure 10 shows condensation and irrigation 
rates for different pipe depths. When 
increasing the pipe burial depth from 0.4 to 
0.9 m in the reference soil, both the 
condensation rate and irrigation yield are 
reduced by approximately 10%, making the 
irrigation yield directly dependent on the 
condensation rate. Solar radiation could, 
however, make shallow pipe depths less 
favourable due to higher ground surface 
temperatures and evaporation rates.  
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Spacing between the buried pipes is an important design parameter, since the 
temperature and humidity in the soil decrease with increasing spacing. An alternative to 
temperature sensitive plants would therefore be large pipe spacings with plants in 
double rows on either side of the pipe location. This way, roots would grow away from 
the pipe and attract the water from a distance. 

Figure 11 shows soil humidity and temperature during the 6th hour of irrigation in a 
system with 2 m spacing. When comparing the temperature distribution around the pipe 
with that of the reference system, the temperature is 5 to 10ºC lower between the pipes 
when doubling the spacing. The soil moisture decreases due to the larger soil volume.  

Figure 10: Influence of pipe depth on condensation rate (line) 
and mean irrigation yield (bar) during the 91st day of operation. 

Figure 11: Temperature and soil water content in the midsection of the
pipe during the 6th irrigation hour on the 91st day for 2 m pipe spacing. 
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However, the diurnal steady state condensation rate has increased (3.3 kg/m,d), and 
continues to do so up to a pipe spacing of approximately 3.5 m (Figure 12). The lower 
soil temperature results in less deep percolation. For a spacing of 2 m, the effective 
irrigation yield was 1.4 mm/d. With increased spacing the irrigation yield is reduced due 
to the larger surface area each pipe must irrigate.   

Compared with the drinking water production system (Lindblom et al., 2005) the 
distance for a maximum condensation rate is approximately 1.5 m wider in the CI 
system. This is explained by the improved heat transfer as a result of the mass transport 
in the ground, i.e. heat is spread further out from the pipe.  

Humid airflow properties at the pipe inlet are critical for the mass and heat transfer in 
the soil and thus the condensation rate. Theoretical studies on non-perforated pipes 
showed the inlet air temperature and humidity to have the greatest effect on the pipe 
condensation rate (Lindblom et al., 2005). In performed simulations, temperature, 
humidity and inlet air velocity were varied by ±20% from the properties of the reference 
system in Table 2. Each parameter was varied one at a time resulting in mean 
condensation rates according to Table 3. 

  Table 3: Dependence of condensation rate on selected inlet parameters  

Inlet parameter +20% -20% 

Temperature 5.86 kg/m,d (+90%) 1.12 kg/m,d (-63%) 
Relative humidity 3.89 kg/m,d (+26%) 2.19 kg/m,d (-30%) 
Velocity 3.48 kg/m,d (+11%) 2.71 kg/m,d (-13%) 

From Table 3, it can be concluded that an increase in inlet air temperature of 20% (from 
60°C to 72°C) almost doubles the condensation rate in the pipe. However, the 
temperature also increases in the ground, possibly affecting crops. A 20% higher inlet 
relative humidity increases the condensation rate by 26%, but does not affect the soil 
temperature as much. Figure 13 shows the temperature and water saturation in the 

Figure 12: Influence of pipe spacing on condensation rate (line) 
and mean irrigation yield (bar) during the 91st day of operation. 
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midsection of the simulated pipe during the 6th hour of irrigation on the 91st day, when 
the inlet air temperature and relative humidity are increased by 20% from the reference 
values defined in Table 2.

The increased airflow temperature results in 5-10°C higher temperatures in the soil, 
thereby exceeding the critical rooting temperature. Since water saturation is 
considerably greater (Figure 13a) than in the reference system (Figure 8a), high airflow 
temperatures should be used in CI systems with a wide pipe spacing.  

When raising the inlet temperature or relative humidity 20%, the mean irrigation rate 
becomes 4.1 mm/d (inlet temperature) and 2.8 mm/d (relative humidity). This non-
linear relationship between the change in condensation rates (Table 3) and the resulting 
irrigation rate is primarily due to the higher surface evaporation rate associated with 
higher airflow temperature. 

During the 91st day of operation the average heat flux from the pipe varies from about 
340 W/m2 during the day to minus 70 W/m2 during the night (Figure 14). Because the 
soil-pipe system has reached a diurnal steady state, the heating and cooling of the 
airflow is the same from day to day, corresponding to a mean heat flux of 170 W/m2

from the ground surface. 

Heat transfer experiments on perforated and non-perforated pipes during condensation 
irrigation indicated a 50% increase in heat transfer when using perforated pipes 
(Göhlman, 1987). Theoretical simulations on non-perforated pipes resulted in an 
average daytime heat flux of 220 W/m2 (Lindblom et al., 2005). The corresponding heat 
transfer from using drainage pipes results in 340 W/m2, i.e. a 55% increase in the heat 
transfer.

 a. Inlet air temperature Tav,i = 72°C   b. Inlet air humidity φav,i = 84% 

Figure 13: Soil temperature and water saturation in the midsection of the pipe during the 6th

irrigation hour on the 91st day, when increasing the inlet temperature (a) and relative humidity
(b) of the humid airflow by 20%. 
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To get a general idea of the operational costs for the CI system, the fan energy 
consumption for the underground airflow was calculated as: 

241
2 ,

,2
,,

2

⋅−⋅⋅+⋅⋅⋅⋅=
outav

inav
inavinav

avp
av

av

av
fan cc

D
L

fmQ
ρ
ρ

ρρ
ρ

 (26) 

where Lp is the pipe length, and the mean values of the mass flow of air avm , humid air 
density avρ , friction factor 023.0=f , and air velocity avc  are so denoted (Lindblom et 
al., 2005). By similarly approximating the pressure loss in drainage pipes, and adopting 
the same friction factor, the corresponding fan energy in this system becomes 0.4 
kWh/m3 condensed water.

This is lower than what can be expected in drainage pipes that must have greater friction 
losses. The friction losses through the solar still must also be included, though the 
calculation does provide an indication of the driving energy required for the CI system. 

5. CONCLUSION 
Condensation Irrigation was developed for arid and semi-arid areas where the solar 
radiation necessary to evaporate water is amply supplied, but where the cooling for 
condensation is cumbersome. By using saline or otherwise polluted water for irrigation, 
precious freshwater from local watersheds could be used for other needs.

To obtain the best irrigation yield, the design of the irrigation system and operation 
must be determined with respect to the local climate, soil and the specified crop. The
theoretical CI system used in the performed simulations resulted in a steady state 
condensation rate of 3.1 kg/m,d and a mean irrigation yield of 2.3 mm/d during the first 
3 months. However, if plants had been included in the simulations, root suction and the 
resulting lower soil temperature would have resulted in higher irrigation efficiency and 
less percolation.

Figure 14: Heat flux from the pipe during irrigation and 
night air cooling the 91st day 
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According to experiments performed by Ingenieurbüro Ruess und Hausherr (1993), 
irrigation by underground condensation of humid air halved the crop water need. 
Assuming this result to be generally valid, crops requiring 4.6 mm/d or less could 
theoretically be cultivated in the reference system. The temperature in the soil was 
lowered by increasing the pipe spacing or decreasing the pipe depth, though the 
condensation rate increased in both cases. 

In a warm, dry climate, the irrigation need is high due to greater transpiration from the 
leaves. Such conditions would also increase evaporation from the solar stills and hence 
the irrigation supply rate. Current simulations showed that a 20% increase of the inlet 
air temperature almost doubled the condensation rate to a total irrigation yield of 4.1 
mm/d, and the ground temperature was found to be on the verge of what plants 
generally find tolerable. By placing the pipes wider apart and planting crops in double 
rows along the pipes, the temperature in the soil would decrease, while supporting a 
higher irrigation level. A high airflow inlet temperature is thus advantageous, since it 
reduces the construction cost of the system.  

Heat transfer experiments on airflow dehumidification inside perforated and non-
perforated pipes indicated a 50% increase in the heat transfer when using perforated 
pipes (Göhlman, 1987). When comparing the reference system in the current 
simulations with the drinking water production system previously studied by Lindblom 
et al. (2005), a 55% increase was obtained.

A rough estimate was made to evaluate the energy consumption required for driving the 
fan for the airflow. Using the same friction factor as for non-perforated pipes (Lindblom 
et al., 2005), this was determined to be 0.4 kWh/m3 of produced water, though the 
frictional losses and fan energy should really be higher. The friction losses through the 
solar still and conveyance system must also be included, thus increasing the driving 
energy required for the CI system further. 

6. FUTURE WORK  
Continued analyses of the CI system include how different crops and climates affect the 
mass and heat transfer in the ground. Experiments and field measurements will be used 
to verify and develop the numerical models to fully understand this complex mass and 
heat transport. 

Extended studies will examine the effects of preheating the air or water in the solar 
stills. Different means of transporting the warm, humid air will also be considered to 
reduce investment costs, and alternative constructions for the evaporation of saline 
water will be investigated.  
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Nomenclature
 A area, m2

 a van Genuchten parameter 
 c velocity, m/s 
 cc pipe spacing, m 
 cp specific heat capacity, J/kg,°C
 d  particle diameter, m 
 D diffusion coefficient of air-vapour, m2/s
 d pipe depth, m 
 D pipe diameter, m 
 E evaporation rate of vapour in the soil, kg/m3,s 
 h thermal convection coefficient, W/m2,°C
 hm mass convection coefficient, m/s 
 i diffusive flux density, kg/m2,s
 k permeability  
 K saturated hydraulic conductivity, m/s
 k thermal conductivity, W/m,°C
 L latent heat of vaporization,  J/kg 
 m mass, kg 
 m van Genuchten parameter 
 n number of time steps, - 

 n van Genuchten parameter 
 p pressure, Pa 
 Q enthalpy, J/kg,K 
 q heat flux, W/m2

 R gas constant, J/kg,°C
 S degree of saturation, m3/m3

 T temperature, °C
 t times  
 v fluid phase velocity, m/s 
 w absolute air humidity, kg vapour/kg dry air 
 x  horizontal direction across the pipes, - 
 y vertical direction, - 
 z horizontal direction along the pipes, - 

μ viscosity, Pa s  
ρ density, kg/m3

θ porosity, - 
φ relative humidity, - 
α thermal diffusivity, m2/s
τ      tourtosity, - 

Subscripts:

a         air 
aa ambient air 
av humid airflow 
h  drainage holes 
c  capillary 
g         gas 
w water  
e  effective 
sat saturated 
fan fan 
i         initial 

i         intrinsic  
i        position in z-direction 
in     inlet 
out  outlet 
p      solid particle 
p      pipe 
s      saturated 
v      vapour  
w    liquid water 
r      residual  
r      relative 
0     reference 
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ABSTRACT
Solar desalination is a rapidly growing field of research. The coming global oil crisis 
implies that alternatives to the conventional desalination plants based on fossil fuels must 
be developed. Solar desalination can be either direct, with collectors and condensers 
integrated with each other, or indirect, with condensers externally connected to the 
condensers. Direct solar desalination requires large land areas and has a relatively low 
productivity compared to the indirect technologies. It is however competitive to indirect 
desalination plants in small-scale production due to its relatively low cost and simplicity. 
Indirect solar desalination usually means combining conventional desalination techniques, 
such as MSF, ME or RO, with solar collectors for heat generation. This state of the art 
report presents the principles and characteristics of some of the recently developed direct 
and indirect solar desalination techniques. 

1. INTRODUCTION
There is a severe lack of fresh water in the world today. Along with the deterioration of 
existing water supplies, the growing world population leads to the assumption that two 
thirds of the population will lack sufficient fresh water by the year 2025 [1]. The areas 
with the severest water shortages are the warm, arid countries in the northern Africa and 
southern Asia within the latitudes 15-35ºN [2]. In view of these facts, desalination seems 
to be the only realistic hope for a new source for fresh water.

The regions in most need of additional fresh water are also the regions with the most 
intense solar radiation. For this reason thermal solar energy in desalination processes 
should be the most promising application of renewable energies to seawater desalination 
[16]. The situation today is, however, somewhat different, since only 0.02% of the global 
desalination capacity is represented by renewable energy systems [17].
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The main problems with the use of solar thermal energy in large scale desalination plants 
are the relatively low productivity rate, the low thermal efficiency and the considerable 
land area required. Since solar desalination plants are characterised by free energy and 
insignificant operation cost, this technology is, on the other hand, suitable for small-scale 
production, especially in remote arid areas and islands, where the supply of conventional 
energy is scarce [13-14]. The use of solar energy for driving the desalination plant is also 
motivated in these areas by the fact that they imply a way for energy independence and 
water insurance [11]. The low environmental impact as well as the easy operation and 
maintenance are also incitements for this technology [17-18]. 

A solar distillation plant may consist of separated or integrated systems for the solar 
collector and the distiller. Integrated systems are often referred to as “direct solar 
desalination” and usually involve different types of solar stills. Separated systems are 
known as “indirect solar desalination” [16], in which the thermal energy from the sun is 
used for either heating the seawater or generating steam in conventional distillation 
plants, using for example Multi-Effect (ME), Multi-Stage Flash (MSF) or Reverse 
Osmosis (RO) systems [19]. 

2. DIRECT SOLAR DESALINATION 
The method of direct solar desalination is mainly suited for small production systems, 
such as solar stills, in regions where the freshwater demand is less than 200 m3/day [18]. 
This low production rate is explained by the low operating temperature and pressure of 
the steam.

The original solar still can be described as a basin with a transparent cover of e.g. glass. 
The interior of the still contains seawater and air. When the seawater is heated by solar 
radiation, it starts to evaporate and the formed vapour is mixed with the air above the 
water surface. On meeting the inside of the glass ceiling of the still the humid air is re-
cooled and some of the vapour condenses on the glass. If the glass cover is tilted, the 
formed condensation drops will start running down the cover by gravitational forces, and 
may then be collected at the side of the still (fig. 1).

Figure 1: Basic solar still for seawater desalination [18]. 
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One of the main setbacks for this type of desalination plant is the low thermal efficiency 
and productivity. This could be improved by a number of actions, e.g. injecting black 
dye in the seawater, reducing the heat conduction through basin walls and top cover or 
reusing the latent heat emitted from the condensing vapour on the glass cover. Another 
solution would be to separate the solar collector and the saline water so that corrosion 
damages, and thereby efficiency losses are avoided [24]. 

2.1 Single-effect solar stills
In the original solar still construction, also called single-effect solar still, only one layer of 
glazing covers the still. This enables a large quantity of the latent heat from the 
condensation process to disappear from the still by conduction through the glazing. 
Today’s state-of-the-art single-effect solar stills have an efficiency of about 30 – 40 % [6] 
and a production rate in the order of 6 litres per day and square meter of collector 
surface [11], but research and development on this system continues. The development 
techniques may be classified as shown in fig. 2 [18]. Passive solar stills utilize the internal 
heat from the still for the evaporation process, while active stills make use of external 
sources, such as solar collectors or waste heat from industries. Fath [18] has done a 
valuable review of the latest development on this topic.

2.1.1 Basin stills 
Three of the main research topics on the passive basin still are summarised: 
1. Single slope versus double slope basin stills: A comparison of a single and double slope 
solar still, shows that due to the daily and seasonal movement of the sun, a double-sided 
still can absorb more solar radiation than a single slope basin still. The single slope, on the 
other hand, has less convection and radiation losses, and the shaded region can 
furthermore be used for an additional condensation surface. Tiwari et al [20] performed a 
study of the two configurations and concluded that the single slope basin still performs 
better than a double slope in cold climate, whereas the opposite result was achieved in 

Figure 2: Classifications of developments for single-effect solar stills [18]. 
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warm climates.
2. Still with additional cooling: The evaporation rate increases with increasing 
temperature difference between the water surface and the glazing. This can be done by 
for example heating the water more or cooling the cover. Another alternative cooling 
system for basin type solar stills was presented by Haddad [8], where an external 
condenser, constructed as a packed bed storage tank, was integrated with the still. The 
packed bed condenser was cooled during the night, using a radiative cooling panel by 
circulating water into the packed bed condenser and the radiative cooling panel (fig. 3). 

The cooling panel utilized the cold effective sky temperature, which normally is 10-
25ºC lower than the ambient temperature, in order to cool the rock domain in the 
packed bed storage during the night. In doing so, the tank temperature was lowered to 
nearly effective sky temperature. At the beginning of the daylight, water was evacuated 
from the storage tank, as vapour started to form on the surface of the solar still. By 
buoyancy forces created in the condenser, the vapour was sucked through the duct 
between the still and the condenser, which made additional driving forces unnecessary.

Several advantages in this system were noted. Among other things was the heat loss 
reduced since the temperature inside the still was lowered, and the lower vapour partial 
pressure in the still contributed in a faster evaporation rate. Also, the low temperature of 
the condenser enhanced the condensation rate.

3. A typical single effect solar still was recently designed for water purification in remote 
areas in Venezuela. The solar distiller was of basic design and used for brackish water 
purification. A community of 100 inhabitants was selected for the experimental set-up. 
Based on the calculated required daily water consumption the plant was designed to 380 
distiller units, with an estimated daily productivity of 5 litres each. Experimental and 
economic analysis of the system concluded that it should be an attractive alternative to 
the current method of water distribution by means of cistern trucks [21].

Figure 3: Schematics of the solar still and condenser [8]. 
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2.1.2 Stills integrated with greenhouses 
Greenhouses combined with solar stills represent an interesting possibility for the 
development of small-scale cultivation in places where only saline or brackish water is 
available. A version of this system was constructed and analysed by Chaibi et al [3-4], 
where the south slope of the greenhouse roof was built as a solar still (fig. 4).

During the day, saline water was pumped from a reservoir to the rooftop of the 
greenhouse, from where it was distributed evenly to the evaporation surface in the still. 
The top cover of the still was a regular glass sheet, while the bottom of the solar still 
consisted of an only partly light transparent material, which absorbed a substantial 
amount of the solar irradiation, but transmitted the wavelengths that are favourable for 
the photosynthesis of vegetation (the photosynthetic active radiation, PAR, has the 
wavelength interval 380 – 710 nm).

Since most of the heat radiation was absorbed in the still, the temperature of the 
greenhouse air was lowered, which lead to better climate for the crops and less 
ventilation requirement. In the end, this leads to a decrease in the water consumption of 
the crops. The formed water vapour condensed on the top glazing, ran along the inner 
wall of the top cover, and was collected in the fresh water store. The residue of the feed 
water was collected in a separate storage. The returned feed water was partly returned to 
the feed water duct for another loop in the still, and some of the residue saline water was 
also mixed with the fresh water before the irrigation to bulk out the supply. The 
desalination roof was operated during both day and night, as excess heat was stored in 
the saline water storage.

Figure 4: System principle for water desalination integrated in a greenhouse roof. [3] 
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Compared to a conventional single glass greenhouse, considerable less extreme climate 
conditions inside the greenhouse could be registered with the roof desalination system. It 
was also shown that with 50 % of the roof built as a solar still, the irrigation need for low 
canopy crop could be satisfied, but analyses of crop growth also indicated a lesser yield by 
approximately 25 %. An economical analysis of the described system, a single-effect 
desalination system with heat pipe collectors and a solar multiple condensation 
evaporation (SMEC) cycle process were performed, which showed that the integrated 
solar still was more economical than the other two by 35 % and 50 %, respectively [4].

2.2 Multi-effect solar stills 
Multi-effect solar stills are designed to recycle some of the latent heat from the 
condensation by using it for preheating either the feed water or the seawater within the 
still. The former may be accomplished by e.g. using the feed water duct as the 
condensation surface for the water vapour. The saline feed water is then preheated by 
the heat released from the condensing vapour, and the condensation surface is kept 
continuously cool. A multi-effect solar still can in this way produce fresh water up to 20 
litres per day and square meter of collector area. The increased production rate that 
follows by this recycling, must however be measured to the cost for the more complex 
construction that follows [18].

2.2.1 Solar still with preheating of feed water 
An air-blown, double-glazed solar still has been proposed by Mink et al [6]. The solar 
still is divided into two chambers, the upper one being the evaporator and the lower the 
condenser. A metal sheet separates the evaporator and condenser along the length of the 
still, except for a small gap in the upper part of the still (fig. 5).

Feed water is lead upwards through the condensation chamber in a serpentine tube and 
is let out on to the evaporation surface, consisting of a black porous textile, on the top of 
the still. The textile absorbs the water evenly, as the water flows down along it. Air 
enters from the bottom of the evaporator, sweeps away the evaporated vapour from the 
wetted textile surface and leads it down to the condenser department via the upper gap 
between the two chambers. The vapour then condenses on the serpentine tubes and 
preheats the feed water. The distillate is finally collected at the bottom of the condenser. 

Experimental investigations on this type of still showed that the solar still performance 
can be enhanced by further optimising area relations between the evaporator and the 
condenser. The received daily water production rate was in this experiment 
approximately 1 kg/m2.
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2.3 Water desalination with humidification-dehumidification (HD) 
One of the problems that negatively influences the still performance is the direct contact 
between the collector and the saline water, since this may cause corrosion and scaling in 
the still and thereby reduce the thermal efficiency [24]. In HD desalination air is used as 
a working fluid, which eliminates this problem. Systems based on HD consist of a 
compact unit, containing two heat exchangers for evaporation and condensation, 
respectively. The constructions are usually lightweight and inexpensive, and work at 
atmospheric pressure [15]. Due to relatively low desalination capacity, the system 
performance must however be improved before it can be economically competitive.

2.3.1 Desalination with humidification – dehumidification using an open-air cycle 
Dai and Zang [9-10] proposed an open-air cycle desalination system, in which seawater 
was heated by the sun in a collector and then sprayed on the surface of a honeycomb 
wall in the humidifier (fig. 6). Air was blown through the humidifier, where it became 
hot and humid. The air was thereafter led to the condensation area between the feed 
water tubes, where it was cooled and fresh water precipitated into the collection 
container. In order to increase the thermal efficiency, the part of the warm seawater that 

Figure 5: Longitudinal cross-section of the experimental multi-effect solar still set-up [6] 
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was not picked up by the air in the honey comb was collected and led back into the 
seawater tank for another round in the humidification-dehumidification process. Since 
the air flowed in a straight line, unnecessary pressure losses were avoided. During 
experiments with this desalination system, a freshwater gain of 6.2 kg/m2 per day was 
observed for cases when solar irradiation was 700 W/m2 and the operation time was 8 
hours per day. The thermal efficiency of the system was estimated to 85 %.

2.3.2 Solar air-heating with stepwise humidification 
The low water production capacity in ordinary solar stills can partly be explained by the 
small difference in vapour content of the air before and after the condenser [12]. In a 
single-step system, the only possibility for improving this is either to increase the 
operating air temperature or flow rate, which leads to unrealistic investments.

An interesting solution to this problem is presented by Chafik [12], where the air is 
heated and humidified in several steps inside a simple solar collector. This both lead to 
higher vapour content in the air and a lower required airflow rate. The course of the 
procedure is as follows (fig. 7): Air with an initial temperature and specific humidity of 
e.g. 25ºC and 10 g vapour/kg dry air, respectively, enters the solar air-heating collector. 
During the first step in the collector, the air is first warmed to 50 ºC and then humidified 

Figure 6: Schematic of solar desalination plant suggested by Dai and Zhang [9-10] 
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by sprinklers with seawater until the air is approximately saturated. 
Due to the heat required for the evaporation of the water, the air temperature sinks to 
about the wet bulb temperature of 23ºC. In the following step, the air is again heated to 
50ºC and then humidified in the same way to a vapour content of 28 g vapour/kg dry 
air. The air temperature goes down to 31ºC. During the third step the air is heated to 
56ºC and humidified to 36 g vapour/kg dry air at 35ºC.

The heating and humidification process goes on for 15 steps, after which the air has 
reached a humidity of 148 g vapour/kg dry air at 60ºC (fig. 8). This high water content 
is identical to the humidity that can be achieved by injecting water into heated air of 
about 450ºC. By cooling the warm, humid air exiting the 15th step to 25ºC, 128 g fresh 
water can be extracted for 1kg of dry air. A pilot plant for this technique is presently 
running in Bochum, Germany, where 1 m3 per day is produced.

Figure 8: Psychometric chart with stepwise heating and humidification [12] 

Figure 7: Scheme of the stepwise heating and humidification [12]. 
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3. INDIRECT SOLAR DESALINATION 
Every day desalination plants around the world produce about 23.106 m3 of fresh water 
[17]. For this production rate, desalination systems of the industrial scale are required. 
The majority of the existing desalination plants for this purpose are of the types Multi-
Effect (ME), Multi-Stage Flash (MSF) and Reverse Osmosis (RO). Usually these systems 
use fossil fuels as the energy source for either heating or electric power generation. They 
are also characterised by high operating cost and the need for highly skilled operation 
and maintenance personnel.

One of the most promising directions for research and development for these large-scale 
desalination facilities seems to be the use of solar energy because of its low cost, 
availability and relatively simple maintenance. An investigation by Garzia-Rodriguez [19] 
showed that parabolic trough collectors and salinity gradient solar ponds should be the 
best choices for this purpose.

3.1 Multi-Effect (ME) 
The ME is one of the most promising evaporation techniques today [22]. It has long 
been thought that the ME system is not suitable for production rates lower than 100 
m3/day because of the need for qualified maintenance and electricity supply [5]. 
However, by the use of solar energy instead of fossil fuels, ME may well be made 
economically feasible [19].

The essential feature of ME is that saline water stepwise evaporates by heat transfer from 
condensing steam, transported in a bundle of tubes. The most commonly used 
configuration of an ME plant is horizontal tube bundles with 8-16 evaporation steps (fig. 
9).

At the first step, the condensing steam is generated externally, by for example fossil fuel 
or solar collectors. The produced steam from the evaporation of the brine is then used in 
the subsequent step, which operates at a slightly lower pressure and temperature, so the 

Figure 9: Schematics of a ME distillation plant with horizontal tubes [22] 



Appendix I  xi  

energy retrieved from the condensing steam can be used for further evaporation of the 
brine [23]. 

Pilot plants for ME desalination with solar heating are being developed and investigated. 
In the Arabian Gulf, such a plant exists using parabolic through collectors for producing 
6000 m3/day and another ME plant using solar ponds for the production of 30 m3/day
are constructed at the university of Ancona, Italy, to mention just two of them [17]. 

3.2 Multi-Stage Flash (MSF) 
The most common and simple technique for large-scale desalination is at present the 
Multi-Stage Flash distillation, which globally produces a total amount of about 10 
million ton of fresh water every day.

The system works with pressurised seawater that flows through closed pipes and 
exchanges heat with condensing vapour. When the seawater is heated to a certain degree 
it is lead into a low-pressure chamber, where it is flash-evaporated. The resulting vapour 
is then cooled and collected in a tank for freshwater [18]. 

Several medium scale plants for MSF desalination using solar energy have recently been 
implemented. One of the most commonly type of solar collectors used are salinity 
gradient solar ponds, such as the desalination plant in Margarita de Savoya, Italy, with a 
capacity of 50 – 60 m3/day, or in El Paso, Texas, with a capacity of 19 m3/day. Another 
frequently occurring source for solar thermal energy is the parabolic trough collector, 
which is used in i.e. a MSF desalination plant in Kuwait for a production rate of 100 
m3/day [17]. 

3.3 Reverse Osmosis (RO) 
In the reversed osmosis system, seawater is forced under pressure through a series of 
membranes that physically remove salt molecules [5]. In contrast to distillation systems, 
where separation occurs through difference in evaporation temperatures, the separation 
process is here determined by size and diffusivity differences [23]. 

Recent progress have been made on the subject of using RO in seawater desalination, 
and low pressure RO systems are now able to operate at pressures as low as 20 bar [23]. 
Ongoing research and development on the subject of combining RO with solar energy 
predict a good possibility of finding a cost-effective solution. Among the suggested solar 
driven plants are RO desalination driven by solar produced steam [19]. 
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3.4 Salinity-gradient solar ponds 
As the sun shines over a lake or a pond, the water absorbs some of the irradiation and is 
warmed. Surface water quickly looses this added heat due to heat and mass convection 
with the ambient air. Since the underlying water in the pond now is warmer and thereby 
lighter than the surface, convective circulation begins, where warm water from the 
bottom rises and the colder water from the surface layer sinks. 

The salinity-gradient solar pond is constructed in such a manner that the convective 
circulation in the pond is prohibited by making the bottom water much denser than the 
surface water. In doing so, the solar radiation absorbed in the deep water can be stored 
[16]. The general solar pond consists of three layers of different temperature and salt 
content (fig. 10).

The top layer, usually about 0.8 – 1 meter deep, is at atmospheric temperature and has a 
low concentration of salt. The second layer is the so-called gradient zone. Here the 
temperature and salt concentration increase with the water depth, which usually is 1 – 2 
meters. The bottom layer in the solar pond, also called the storage zone, is very dense 
and is heated up to 100ºC [2]. Since the water in the gradient zone cannot rise, due to 
the light water on top, and cannot fall, due to the dense water beneath, convection is 
prevented and the heat is stored in the storage zone. The gradient zone could hence be 
said to work as an insulator for the storage layer. Heat is extracted by passing the brine 
from the storage zone through an external heat exchanger. 

Solar ponds require plenty of land area, water and salt, why it is reasonable to locate 
them in wastelands or in deserts, close to salt works. Many countries, such as Libya, are 
greatly dependent on seawater desalination and are in supply of these characteristics. To 
use solar ponds instead of fossil fuel for heating the desalination plants would mean 
significantly lower production costs [2]. 
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Figure 10: Typical salinity-gradient solar pond [2] 
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3.5 Parabolic through collectors 
The parabolic through collector uses a trough-shaped reflector to concentrate sunlight on 
the receiver at up to 60 times its normal intensity. In this way, the receiver tube, which 
runs along the reflector's focal line, can achieve a much higher temperature than flat-
plate or evacuated-tube collectors (fig. 11). The parabolic through collector systems 
usually include a mechanical control system that keeps the trough reflector pointed at the 
sun throughout the day. Parabolic-trough concentrating systems can provide hot water 
and steam, and are generally used in commercial and industrial applications [25].

4 CONCLUSIONS 
The use of solar thermal energy in seawater desalination applications has so far been 
restricted to small-scale systems in rural areas. The reasons for this have mainly been 
explained by the relatively low thermal efficiency and production rate compared to the 
large area required. Of the 23 million m3 of fresh water produced every day, only 46 000 
m3, or 0.02 %, originates from plant with renewable energy systems.

However, the coming shortages in fossil fuel supply and the growing need for fresh 
water in order to support increasing water and irrigation needs, have motivated further 
development of water desalination and purification by renewable energies. The most 
promising source within this area is, as it seems today, solar thermal or geothermal 
energy.

If renewable energy could be combined with large-scale desalination plants, such as ME 
or MSF, to a reasonable cost, this could mean a solution to one of the most pressing 
environmental issues of today and the near future.

Figure 11: Schematics of a parabolic through collector [25] 
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Figure 1: The insulated sand container and drainage 
pipe. Thermocouples are placed at 5 cm distance 
vertically below and beside the pipe in the middle
cross-section

Experimental Setup for Condensation Irrigation System 

A laboratory test rig for subsurface Condensation Irrigation is under construction at the 
Luleå University of Technology. The setup is designed to validate the numerical 
simulations of the subsurface CI system described in paper III.

The soil to be irrigated is enclosed in a 3 meter long container of cross-section 1⋅1 m2.
The corrugated drainage pipe has an inner diameter of 50 mm, and the sand fraction is 
0.5-1.0 mm. The vertical sides and the bottom of the container are insulated for heat and 
water tight and thermally insulated to resemble an array of parallel drainage pipes, which 
is the geometry simulated in paper III. 

In Figure 1 the container is shown with a 0.75 meter layer of sand and the drainage pipe 
placed on top. Another sand layer of 0.25 meter will fill up the container when the 
measurement apparatus has been calibrated and the pressure loss through the system in 
the ambient surrounding has been determined.

The drainage pipe is dressed in a 
thin protection cloth to prevent sand 
from entering the pipe and disturb 
the flow. The temperature in the 
sand is measured in the middle cross-
section using water-proof 
thermocouples of type T. These are 
also used for measuring the air 
temperature and humidity inside the 
drainage pipe. The airflow pressure 
(dynamic and static) is measured by a 
Prandtl tube. Airflow properties 
(pressure, temperature and humidity) 
are measured at the container wall at 
the entrance and exit of the pipe. 

Before entering the drainage pipe, 
the air is warmed and humidified in 
the air humidifier (Figure 2), 
consisting of a ventilation drum in 
which hot water flows in counter-
current direction to the air.
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Figure 3: The water is pumped from the hot water tank 
to the air humidifier. The water that has not evaporated 
to the air is re-circulated to the tank for further heating. 

The water inside the air humidifier is pumped from the hot water tank (Figure 3) to the 
top of the humidifier where it sprinkles into the air, and runs along the bottom of the 
humidifier before returning to the water tank for further heating. The water is heated 
with an electrical heater that keeps the water temperature constant during operation. 

After exiting the buried pipe 
the air is pumped back to the 
humidifier. This air re-
circulation is done in order to 
preserve some of the energy 
needed for a high air 
temperature and humidity 
through the drainage pipe. 
Another advantage gained is 
that the ambient air 
temperature and humidity are 
maintained at fairly constant 
levels throughout the daily 
operation, which makes the 
evaluation of the data easier.

Although the ambient air should be used to cool the soil during nightly operation in a 
CI system built in a field, the airflow through the drainage pipe in the test rig will be 
shut down during night. The electrical heater will however maintain the water 
temperature during night, so that the airflow heating and humidification at diurnal 
irrigation start-up is made more efficient.

Before the validation of the theoretical model can be made the Soil Water Retention 
Curve, porosity, intrinsic permeability, thermal conductivity, and residual water 
saturation must be determined experimentally for the sand.

Figure 2: Air from the drainage pipe is re-circulated to the insulated humidifier 



Appendix II  iii  

The testing period will commence in March 2006, and the collected data will be used to 
validate the simulation model presented in paper III. 

Pilot plant in Chatt Meriam, Tunisia 

The Tunisian National Institute for Research on Rural Engineering, Water and Forestry 
(INRGREF) constructed a pilot plant for condensation irrigation at Chatt Meriam 145 
km South of Tunis. The ongoing operation started in December 2004 and is evaluated 
by INRGREF. The plant consists of several parts: 

Air humidification process takes place in a solar heated hot water storage tank. 

One system for subsurface irrigation using 5 drainage pipes (length 13 m; diame-
ter 63 mm) at different depths (0.25 m and 0.4 m).

One system for overhead irrigation (dew irrigation) with vertical stand pipes.

A monitoring system measures the thermal properties of the airflow and the ground 
temperature, humidity etc. 

Figure 4: The pilot plant includes condensation irrigation (right) and overhead irrigation (left). 
Condensation irrigation is tested for pipes buried at depths of 0.25 m (Hs1) and 0.4 m (Hs2).
(After Thameur Chaibi). 

The plan of the pilot plant is shown in Figure 5.
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